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ABSTRACT
Relatively little work on the preparation and reactions 
of polymers bearing ketonic groups having been reported, 
the present investigation was designed to determine the ease 
with which such polymers could be prepared both by poly­
merisation of ketonic monomers and by the introduction of 
ketonic groups into the pre-existing polymers, and to conduct 
a qualitative estimation of the relative reactivities of the 
ketonic groups when attached to a polymer chain.
A series of polymers and copolymers bearing ketonic 
side-groups has been prepared. Poly(vinylacetophenone) was 
obtained by the Friedel-Crafts acylation of polystyrene, 
up to 85% conversion of the styrene units into vinylaceto- 
phenone units being effected. Several other polymers bearing 
ketone groups were prepared by polymerising and copoly- 
merising suitable monomers, including benzylideneacetone, 
furfurylideneacetone, vinyl laevulinate, 2-cyclohexenone 
and (+)- carvone. Usually a reactive non-ketonic co-monomer 
such as styrene, acrylonitrile or maleic anhydride was 
employed.
Benzylideneacetone and furfurylideneacetone were 
homopolymerised by cationic means, the polymerisation 
route also involving a condensation reaction of the carbonyl 
group. 2-Cyclohexenone was satisfactorily homopolymerised 
by an anionic mechanism; the resulting polymer was shown 
to be partially microcrystalline, and helical conformations
are inferred for the molecules.
The preparation of the oxime derivatives of the 
polymers proved a facile reaction and was used for a 
qualitative comparison of the reactivities of ketonic 
polymers. The reactivity of poly(vinylacetophenone) 
was studied in detail, many of the known reactions of 
methyl ketones being applied to this polymer. Of these, 
bromination proved notably useful, the product poly(vinyl- 
phenacyl bromide) readily undergoing substitution 
reactions by means of which it was possible to introduce 
substituents as side-groups to the polymer chain.
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INTRODUCTION
Polymers are composed of a covalent structure much 
greater in extent than simple organic compounds. It is 
this basic feature that gives polymers the characteristic 
properties which set them apart from other substances. 
However it was not until the 1930’s that this elementary 
concept became widely accepted.
Previously it has been believed that their peculiar 
properties were due to colloidal aggregates, formed from 
smaller molecules through the action of intermolecular 
forces of mysterious origin.
Staudinger in 1920 was one of the first to propose
He also condemned the frequent erroneous assignment of 
simple cyclic structures which are actually chain polymers.
structure for polybutadiene and rubber. For polybutadiene
he proposed -CH2-CH=CH-CH2-CH2CH==CH-CH2- where past
4 5
workers , including himself , had thought it to have a
1
a chain formula -CH2-CH-CH2-CH- for polystyrene
2,3
Lebedev had previously, in 1913, proposed a chain
cyclic structure CH -CH=CH-CH
c h 2-c h =c h -c h 2
x
- 2 -
The reason for this misconception was that 
experiments had shown that succinic acid was one of 
the products from ozonolysis of the polymer.
Finally it was Carothers' investigations that 
confirmed the molecular viewpoint and dispelled the 
attitude of mysticism which prevailed in this field.
He classified polymerisations into addition and con­
densation polymerisations.
During the Second World War research in the polymer 
field was aimed at studying the tensile properties of 
high polymers such as nylon for their use in the war 
effort.
Since then the use of macromolecules in the 
manufacture of plastic goods has increased rapidly to 
the vast usage of the present day. The importance of 
high polymers in daily life and industry is now very 
great. Such natural high polymers as cellulose, starch 
and proteins provide much of our food arid clothing and 
the substance of our bodies, while rubber, another 
natural high polymer, has a wide range of applications 
and uses. Natural high polymers, and such man-made ones 
as polyethylene, polystyrene, polypropylene, polyamides, 
phenol-formaldehyde and urea-formaldehyde resins, and 
many others play an ever-increasing part in modern 
technology as plastics, fibres and rubbers, although no 
doubt there must soon be a cut-back in the widespread
\
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use and wastage of plastic materials now that the price 
of the starting material - oil - has greatly increased.
Amongst the advantages of plastics are their 
durability and resilience ? this means that most of the 
industrially important macromolecules, because of the 
high stabilities required of them, have no very reactive 
groups present for example polyethylene, polystyrene and 
poly(vinyl chloride), these will only react under fairly 
vigorous conditions.
Interest in the sphere of polymers containing 
functional groups is now widening. This interest has 
come about from the necessity of attaching dye groups to 
fibres, the use of polyacrylamide, in chromatography, and 
the design of enzyme binding polymers. There is also a 
substantial academic interest in the reactivity of macro­
molecules.
The Ketone Group
The ketone group is a fairly reactive functional 
group and the reactions of many ketones have been studied 
in detail. The reactivity is such that one may exepct to 
be able to introduce the group into a polymer under not- 
too-vigorous conditions leaving the ketone group intact.
The carbonyl group may however undergo condensation 
reactions to form polymers. Despite being a double bond, 
the carbon oxygen double bond will generally not undergo 
the same type of polymerisation reactions as will the 
vinyl group. Only very rare examples are known of the 
carbonyl group undergoing addition polymerisation. Acetone 
has been polymerised on the surface of magnesium metal, 
cooled to liquid nitrogen temperatures to form an unstable
g
elastomer . This polymer was prepared by simultaneously 
condensing vapours of magnesium and dry acetone onto a 
liquid nitrogen cooled surface in high vacuum. The 
mechanism of this may be anionic in character but should 
probably be considered heterogeneous rather than homo­
geneous. Polymerisation is thought to occur at the 
interface between the ordered solid layer and the disordered 
liquid layer. The polymer formed has a poly ketal structure, 
which decomposes rapidly to acetone at about 23°.
- 5 -
A heterogeneous polymerisation of acetone with a
modified Ziegler-Natta catalyst at -78° has also been
7,8
successfully accomplished . A stable block copolymer
of acetone and an «-olefin being obtained. The catalyst
system for the copolymerisation is composed of titanium
chloride, aluminium alkyl and a salt selected from
sodium acetate, magnesium acetate or calcium chloride.
Without the added salt compound only the ^-olefin
polymerises. The total copolymer is crystalline with
a melting point 58-60°.
According to thermodynamic calculations for carbonyl
polymerisation reactions, polyacetone should be stable
9
only at relatively low temperatures. Decomposition of 
the magnesium catalysed polymer at room temperature 
supports these calculations.
The carbon-oxygen bond is both a strong double bond 
and a reactive double bond. Its bond energy (179 kcal) 
is rather more than that of two carbon-oxygen single bonds 
(2 x 85.5 kcal) in contrast to the carbon-carbon double 
bond (145.8 kcal), which is weaker than two carbon-carbon 
single bonds (2 x 82.6 kcal). One possible explanation 
of the greater strength of the carbonyl bond is that 
repulsion between the unshared electrons is greater fdr 
singly bonded oxygen than for doubly-bonded oxygen.
The reactivity of the carbonyl group is primarily 
due to the difference in electronegativity between carbon
- 6 -
and pxygen, which leads to a considerable contribution 
of the dipolar resonance form with the oxygen negative 
and the carbon positive.
© ©  6+ 6- 
>C=0 — > >C-0 or
The polarity of the carbonyl bond is expected to facilitate
addition of water and other polar reagents such as 
5 *1" (5
H  X relative to addition of the same reagents to
alkene double bonds. However we must always bear in mind 
the possibility that whereas additions to carbonyl groups 
may be rapid, their equilibrium constants may be small, 
because of the strength of the carbonyl bond.
The important reactions of the carbonyl groups 
characteristically involve addition at one step or the 
other.Steric hindrance plays an important role in deter­
mining the ratio between addition and other competing 
reactions. Therefore we shall expect the reactivity of 
carbonyl groups in addition processes to be influenced by 
the size of the substituents thereon because when addition 
occurs the substituent groups are pushed back closer to 
one another. On this basis, we anticipate decreasing 
reactivity with increasing bulkiness of substituent. It 
will therefore be of interest to note the influence of a 
polymer chain in such ketone reactions.
Cyclic ketones almost always react more rapidly in
- 7 -
addition processes than open chain a n a l o g u e s T h i s  is 
because the alkyl groups of the open chain compounds 
have considerably more freedom of motion and produce 
steric hindrance in the transition states for addition 
reactions. In polymers the polymer chain and other 
side groups from the chain will give the steric hindrance 
previously mentioned, but the great length of the main 
chain may reduce its freedom of motion, and consequently 
reduce steric hindrance in the same way as in cyclic 
ketones.
Electric effects are also important in influencing 
the ease of addition to carbonyl groups. Electron-attracting 
groups facilitate the addition of nucleophilic reagents 
to carbon by increasing its positive character.
For this addition across the double carbonyl bond in 
many cases a hydroxyl group is produced. This initiation 
step is followed by spontaneous elimination of the group 
by dehydration, another double bond being thereby intro­
duced.
An> example of this is the oxime formation. Apparently 
there is an initial rapid reversible addition to the 
carbonyl compound to give an intermediate that undergoes 
acid catalysed dehydration in the rate controlling step.
^ a o 4*
~RR' C=0 + HoN0H v —  RR' C-NHOH
2 I
OH
slow
RR1 C-NHOH + HA  > RR'C=NOH + Ho0 + HA
I 2
OH
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Polymerisation
A polymer molecule may be defined as a molecule 
consisting of a series of structural units linked to 
form a chain molecule. This is implied by the etymology 
of the term "polymer" which means "many membered".
A polymeric substance does not consist of a collection 
of identical molecules, as do simple organic compounds.
The simplest of all polymers 'linear polymers' are 
composed of straight chains of varying lengths of the 
structural units. These chain lengths follow a definite 
distribution law governed by the nature of the polymerisation 
process. Thus these individual chains will all have 
individual molecular weights and any molecular weight 
determination will only yield an average value. The 
number of structural units in the polymer chain is defined 
as the 'degree of polymerisation' and an average degree 
of polymerisation may be determined,by dividing an average 
molecular weight value by the molecular weight of an 
individual structural unit.
The polymer species may be 'non-linear' or 'branched' 
and crosslinking between polymer chains can also take place. 
The presence of such structures will affect the molecular 
weight and may be detected by physical property measurement. 
Crosslinking usually results in an insoluble polymer, and 
lends itself to a network structure. This in two dimensions 
can be defined as a planar network while in three dimensions
it is defined as a space network. However, the branching 
of polymers does not usually follow a well defined pattern 
and a random network is obtained (any analogy here between 
their structure and the spatial arrangements occurring in 
crystals would be misleading). However in this work we 
are concerned with the formation of linear polymers, which 
generally have the best solubility properties, the study 
of the reactions of the polymers in solution being the 
object of the present work.
The structural units of a polymer will generally bear 
a direct relation with that of its corresponding monomer as 
can be seen from the following examples.
Polymer Monomer(s) Structural Unit
Polystyrene CH2=CH -CH2-CH-
i f ^ i
Natural rubber CH3
cis 1-4 polyisoprene CH 2 =CH-CH=CH2 -c h 2-c h=c h -c h 2
Nylon-66,poly(hexa- H 2 N(CH 2 )gNH2 -n h 2 (c h 2)6n h -c o (c h 2)4-c o -
+
methylene adipamide) HOOC(CH2)4COOH
OH OH
Phenol-formaldehyde + HCHO
It can be seen that the polymers either bear iihe same 
basic structure as that of the monomer, and are known as 
addition polymers, or vary only by the loss of a simple
- 10 -
small molecule, usually water, and are defined as 
condensation polymers.
Condens ation Polymer i sation
Condensation polymers are macromolecules in which 
the molecular formula of the repeating unit contains fewer 
atoms than that of the monomer or monomers. Therefore, 
necessarily, the molecular weight of the polymer is less 
than the sum of molecular weights of all. the original monomer 
units which combined to form the polymer chain. The 
condensation type of polymerisation results from simple • 
step wise reactions analagous to condensation reactions of 
low molecular weight compounds. Condensation occurs between 
polyfunctional molecules with the elimination of a small 
molecule, such as water, to give larger molecules, which,in 
turn, could condense with each other, or in the early stages 
of the reaction, with some of the original reactants.
An example is poly(hexamethylene adipamide) , which has 
the molecular formula (C12H22N202)n * This is the condensation 
polymer of hexamethylenediamine (cgH3_gN 2^  and ac^ -Pic acid 
(C6Hi o 04)• The secondary product of the condensation is 
water.
n H2N(CH2)6NH2 H -HN (CH2)NHC- (CH2 ) g -C- OH +(2n-l)H20
+ n HOOC(CH2)gCOOH n
- 11 -
Each of the molecules reacting initially can be 
regarded as a monomer, and the repeating unit results 
from their combination. In this example both the initial 
reactants are bifunctional, and a linear polymer is 
obtained. If one of the reactants contains more than two 
functional groups, cross-linked or network polymers are 
obtained.
Each step in a linear condensation polymerisation is 
a simple condensation between two functional groups e.g.
OH and COOH. Flory ^  has shown that the reactivity
of such groups is independent of the size of the molecules 
to which they are attached. Velocity constants of 
esterification reactions using, say, alcohols of homologous 
series, rapidly reach asymptotic values which are 
independent of chain length and do not decrease with in­
creasing molecular size. If allowance is made for the 
diluting effect of the large molecules, velocity constants 
for monofunctional and difunctional reactants are the same, 
provided that the chains separating the reactive groups of 
the difunctional compound are long enough. This lack of 
dependence of group reactivity on the length of a chain to 
which the group is attached is a fundamental concept in 
condensation polymerisation. All step reactions of the type
n-mer + m-mer -*■ (n + m)-mer
can be described by a single bimolecular velocity constant 
similar to that describing the reaction between a mono- 
hydric alcohol and a monobasic acid. Further, all the
- 12 -
functional groups: in the reaction mixture can react 
together at random.
Additi on Polymeri sation
The phenomenon of addition polymerisation occurs 
mainly with unsaturated compounds, the most widely studied 
polymers have been obtained from vinyl compounds.
A very few olefinic substances such as styrene and 
vinyl acetate will polymerise at ordinary temperature in 
the pure state. However some form of activation is necessary 
in the majority of cases. This activation or initiation 
can generally be supplied in one of three ways:-
a) Photochemical methods
b) Thermal means
\
c) The use of a catalyst
In the work described here only the third method has
been used in addition polymer initiation. The types of 
catalysts used for polymerisation can generally be divided 
into two classes - free radical and ionic.
Free Radical Initiation
Free radicals are formed by thermal decomposition of 
such compounds as peroxides and azo compounds. Two such
compounds, which have been used extensively in this present
work are benzoyl peroxide and <= ,<=' -azoisobutyronitrile.
- 13 -
These compounds decompose as follows
c6h5co- o- o-co c6h5 2c6h5co- o *
Benzoyl peroxide
C6H5C0-0* ->• C6H5* + C02
similarly for <=, *'-azoisobutyronitrile
(ch3)2 c- n= n- c (ch3)2 2 (ch3)2 c * +  n2
CN CN CN
Such reactions can be represented generally by 
X2 -*• 2R*
the initiator X2 producing the free radicals R #
«,«1-Azoisobutyronitrile is often chosen in preference to
benzoyl peroxide since its decomposition is of the first 
12order and is free from side reactions e.g. radical- 
induced decomposition. Also benzoyl peroxide, being an 
oxidising agent, may lead to unwanted effects in the poly­
merisation of certain monomers.
The activation of the monomer can occur in two ways; 
let us consider a vinyl monomer:
1. R* + CH0 = CH -9- R-CH0-CH
2 I 2 |
X X
2. R* + CH« = CH R-CH -CH0
2 | | 2
x X
The respective rates of formation are dependent on the
stabilities of the two structures: the first type of radical
is generally found to predominate in that stabilisation is
possible, by resonance with substituents, which is not 
afforded by the second structure. Compounds where X is 
able to exhibit resonance properties will thus very 
readily undergo polymerisation
i i
e.g. where X = -C-R, -C=N, -C=C-,—
11 
0
That is, the vinyl group is conjugated with some other 
unsaturated group.
If we take styrene as an example (i.e. X is phenyl) 
then the following resonance structure can be written
R-CH0-CH «--* R-CH0-CH R-CH0-CH
2 I 2 I 2 |
0 '0 o
These mechanisms necessarily assume that a catalyst
fragment will be present in the final polymer molecule
13 12and this fact has been proven by chemical and physical
methods. In a number of cases, the presence of catalyst
fragments at both ends of the polymer chain has been
14demonstrated. Evans has employed this fact in a method 
for the measurement of molecular weights by end-group
- 15 -
determinations.. This procedure can, however, only be 
used when the precise kinetic nature of the polymerisation 
process is known.
The initial free radical or activated monomer molecule 
is normally sufficiently reactive to add further monomer 
molecules very rapidly; that is, the majority of collisions 
result in combination. These addition processes are 
exothermic and are therefore capable of regenerating the 
reactivity of the free radical or activated molecule. 
Because of its comparatively low requirement of activation 
energy, the propagation process proceeds much more rapidly 
than the initiation reaction, and thus sufficient time is 
available for the formation of long chains before any 
termination step becomes probable.
In the same way that the initiation step has two 
possible mechanisms, the propagation step may also proceed 
in either of two ways
1) Head-to-tail
RCH--CH + CH0=CH ->■ R-CH0-CH-CH0-CH
2 i 2 i 2 i 2 i
X X  X X
2) Head-to-head
R-CH--CH + CH0=CH ->• R-CH0-CH-CH-CH02 , 2 , 2 , j  2
X X X X
If this head-to-head reaction takes place, then a further 
propagation process may occur :
16 -
Tail-to-tail
RCH0-CH-CH-CH0 + CH0=CH -5- RCH0-CH-CH-CH0-CH0-CH2 | | 2 2 i 2 j ( 2 2 !
X X  X X X  X
The tail of the molecule is considered to be the 
terminal methylene group.
As with the initiation step resonance stabilisation 
will cause the substituted end of the molecule to always 
contain the free radical thus causing head-to-tail poly­
merisation. In this way the resonance energy will be 
constant throughout. However with head-to-head or tail- 
to-tail a change in this resonance will take place. The 
head-to-tail growth is also sterically more favourable.
If the stabilising influence of the substituent, X, 
is not very great, then the rate of head-to-tail 
propagation may not be very much greater than that of the 
other processes. In such cases then head-to-head and tail- 
to-tail polymerisation may take place to a small extent 
and a random arrangement may be formed.
Styrene always polymerises in a head-to-tail fashion
15and this regular pattern was confirmed by Staudinger .He 
pyrolysed polystyrene and none of the products obtained 
contained phenyl groups on adjacent carbon atoms.
Termination of a growing radical chain may occur in 
a number of different ways, the three principal modes of 
termination are:-
Combination - two growing chains may combine, the activity
of the two free radicals being mutually satisfied.
• •
/vw~CH0-CH + CH-CH-'wv svwCH- -CH-CH-CH0- ^
2 I | 2 + 2 | | 2
X X X X
16Bevington, Melville and Taylor have shown this to 
be the exclusive mode of termination in the polymerisation
Q 14
of styrene at 25 . They used C labelled 2,2,azobisiso- 
butyro nitrile initiator, their analysis showed the 
presence of two initiator fragments per polymer molecule.
Disproportionation - this involves the transfer of a 
hydrogen atom from one growing chain to the other with the 
formation of an unsaturated end group on the chain losing 
the hydrogen atom
/vw-CH0-CH + CH-CH0-VVV ✓vw*CH0*-CH0 + CH=CH -vw2 | ! 2 + 2 ! 2 J
X X  X X
16Using the same technique as above Bevington et al 
found 1-2 initiator fragments per polymer molecule for 
poly (methyl methacrylate), indicating that in this case 
termination takes place mainly by disproportionation.
As- well as termination occurring between two growing 
chains, one growing chain may combine with an initiation 
radical, or react with another molecule in the system 
removing a fragment in the form of a free radical, causing 
termination. Examples of these other molecules are 
inhibiting agents and impurities, however the effects of
- 18 -
these are generally very small due to their low 
concentrations.
Chain Transfer reactions may, however, take place, 
termination may take place by transfer reactions with 
the monomer, solvent, initiation or polymer present in 
the polymerisation mixture. In all cases migration of 
an atom is involved between the active radical and the 
other molecule. Where the molecule is saturated, transfer 
is from the molecule to the active chain. Where the 
molecule is unsaturated transfer may take place in either 
direction. When chain transfer takes place the newly 
activated monomer or solvent molecules can initiate 
further chains therefore the overall rate is not greatly 
affected, but the average molecular weight of the product 
is naturally decreased.
Typical chain transfer processes are:
Transfer with the monomer
*wv— CH0-CH + CH0=CH *> /vwCH0-CH0 + CH=CH2 | 2 r  2 ( 2 (
X X X X
Transfer with the solvent 
a w - CH--CH + S-T /vw-CHo-CHT + S •
2 I 2 |
X X
Sometimes two solvent radicals (S •) may dimerise, 
when this happens the solvent will act as an inhibitor 
to the polymerisation.
19 -
Ionic Polymerisation
Anionic or cationic initiation of polymerisation 
takes place in very similar ways to the free radical 
initiation mechanisms. For example potassium amide 
is a known anionic initiator
0  ©  
n h 2 + c h 2=c h -»-■ n h 2-c h 2-c h
X X
Initiation
© © 
nh2-ch2-ch + ch2=ch2 ->■ nh2-ch2-ch-ch2~ch
X X X X
propagation
17Higginson and Wooding investigated the kinetics of 
polymerisation of styrene by potassium amide in liquid 
ammonia. They found only one atom of nitrogen per polymer 
molecule and they suggested the following termination step
© © 
✓wv-CH2-CH + NH3 +/vw~CH2-CH2 + NH2
X X
The Effect of Monomer Structure on Polymerisation
The structure of the monomer molecule itself has a 
great influence on its tendency to polymerise. Ethylene 
itself will only polymerise with difficulty, however, 
substitution of some of the hydrogen atoms with other groups 
greatly increases its readiness to polymerise. This can 
be attributed to the resonance stabilisation introduced
by the substituent. In general it has been noted that
the introduction of electron-withdrawing groups increases
18the tendency to polymerise. Mayo and Walling have 
arranged such substituents in the following order of 
activation
“C6H5 > -CH=CH2 > -COCH3 > -CN
> -COOR > -Cl > -CH2Hal. > QCOCH3 > -OR
They state that the introduction of a methyl group
as a second substituent on the same carbon atom generally
increases reactivity. Thus the reactivity of methyl
methacrylate is greater than that of methyl acrylate and
the reactivity of methacrylonitrile is greater than that
of acrylonitrile. However this does not hold true when
19comparing ^-methyl styrene with styrene *.
The unsubstituted CH2 group in the olefinic monomer 
is generally required for homopolymerisation. This is due 
to steric reasons as many 1,2 disubstituted defines will 
copolymerise with other monomers. Tetrafluoroethylene is 
a notable exception to this rule of thumb . These general­
isations however are only qualitative. A quantitative 
comparison will require a knowledge of the rates of the 
processes of initiation, propagation and termination.
- 21 -
Kinetics of Free* Radical Polymerisation
To derive the simplest form of kinetic eq;uations 
for this system one must make certain basic assumptions. 
These assumptions have later been justified in that they 
lead to equations, the results from which are in 
agreement with experimental observations. Transfer 
reactions, which do not greatly effect the overall rate 
of the reaction have been ignored.
Assuming a free radical initiator which decomposes 
by first order kinetics and assuming unimolecular 
initiation one can write the following reaction sequence
Initiation 
Propagation
Termination
Termination is assumed to occur by combination only .
The rate of initiation is given by the expressionr- 
V t = _ = 2fkx [I]
t
f represents the fraction of initiator radicals which
ki
— *• 2R •
k2
R • + M *— ► •
k2
M^* + M — >• U2 *
k 2
M • + M — *■ M •n n+l
k 3
M • + M • — > M
n m m+n
- 22 -
are successful in initiating chain growth
The rate of propagation is given by the expression:-
Vp = -a[M] = k2 [M][M.J
dt
It is assumed that the radical reactivity is independent 
of the chain length: therefore all the propagation steps 
have the same rate constant, The rate of propagation
is essentially the same as the overall rate of disappear­
ance of the monomer since the number of monomer units used 
in termination must be very small in comparison to the 
number used in propagation.
The rate of termination, VT, is given by
Let 0FlQ, t>e to total concentration of all free radicals 
then [frQ = 2EMntl
At the beginning of the reaction [frJ increases as radicals
constant, however, very early in the reaction, that is the 
steady state conditions exist. Therefore.
V,T 2k3 [M.]2
form from the breakdown of the catalyst. ' [f r | becomes
V I V,T
and a Cm - 1 0
dt
Equating the appropriate equations for and VT
2f kx [I]
m
2k3 [FR] 2
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The rate of conversion of monomer to polymer is given
Thus it can be seen that the rate of polymerisation 
is proportional to the square root of the initiator 
concentration and proportional to the monomer concentration. 
The rate can only be related directly to the initiator 
concentration in the case of high initiator efficiency
i.e. f 1. Experimental observations have confirmed
12,20,21,22 these results. '
The kinetic chain length represents the average number
of monomer units in a chain, that is the number of units
reacting with one active centre from its initiation to its
termination.
by vp
- d£M]_ = k2 [PR] [M]
dt
Substituting in the value for the free radical 
concentration gives
Kinetic Chain Length Velocity of Growth 
Velocity of Termination
k2 [fr] [m]
2 k 3 [FR]2
Substituting into this the expression for the free
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radical concentration i.e. [f r ] = ^E1]^ gives
3
Kinetic chain length = J^EpC
-------- t--- r
2 ^ 3  W
k2 M
2  (fk 1 k3')^  [i]%
Thus it can be seen that the kinetic chain length 
is inversely proportional to the square of the initiator 
concentration.
The kinetic chain length is related to the degree 
of polymerisation. For disproportionation- the value 
is the same but when combination takes place then the 
degree of polymerisation is equal to twice the kinetic 
chain length.
These theoretical results hold true for some poly­
merisation systems but others show a wide deviation.
This indicates the formation of a greater number of
polymer molecules than predicted from kinetic chain 
23
length. These deviations are considered to be due to 
chain transfer reactions.
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Copolymerisation
When the polymerisation mixture consists of two 
or more monomers, then the polymer so formed will, in 
general, consist of chains containing units of each of 
the monomers. Such a reaction is termed copolymerisation 
and the product a copolymer.
There are various types of copolymers a random 
copolymer where the monomer groups are spread unevenly 
along the polymer chain. Two monomers may react 
alternately and an alternating copolymer will be formed. 
Should two monomers homopolymerise very readily then a 
block copolymer may be formed, each monomer preferring 
to polymerise with radicals of itself for long runs.
This type has yet to be obtained from a normal poly­
merisation mixture, but block copolymers are very 
important commercially. They can be prepared by adding
batches of the monomer alternately to the polymerisation 
26mixture. A living1 anionic polymerisation system may 
be employed, which is kept termination free by rigorous 
exclusion of impurities, or side reactions. The final 
type of copolymer is a graft copolymer. This is formed 
by adding branches of one polymer onto the main chain of 
another monomer. This process is also used in the plastics 
industry.
The properties of a copolymer obtained from two 
monomers depend not only on the overall ratio but also the
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distribution of the monomer units in the chains of the 
copolymer.
The analysis of copolymers prepared from known molar 
quantities of two or more monomers will show that the 
composition of the copolymer formed will not necessarily 
be in the same proportions as that of the monomer mixture. 
Let us consider the example of vinyl chloride and vinyl 
acetate polymerised together.
Copolymers are formed in which the vinyl chloride : 
vinyl acetate ratio varies widely and is not the same as 
that in the original monomer mixture. Vinyl chloride 
polymerises more rapidly than vinyl acetate and the 
copolymer formed in the early stages is richer in chloride 
than either the monomer mixture or the copolymers formed 
later. In general, if two monomers A and B form a copolymer 
and A reacts more rapidly than Bf the copolymer formed in 
the early stages will contain more A than the monomer 
mixture and that formed in the later stages will be richer 
in B. This change in copolymer composition during poly­
merisation may be reduced by adding the more reactive 
monomer gradually. One cannot easily explain the chemistry 
of this as the array of reactions required to represent 
the copolymerisation of two or more monomers increases 
geometrically with the number of monomers participating.
This variation in copolymer composition will affect 
the physical properties of the polymer (e.g. for internal 
plasticisation). The chemical properties of the copolymer
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will only be altered if the reaction involves adjacent 
units of either monomer along the chain.
1,2 disubstituted ethylenes exhibit practically
no tendency to polymerise alone, but often copolymerise
readily with vinyl monomers. Maleic anhydride reacts
with the styrene free radical about 20 times as fast as
does styrene, although maleic anhydride will not add to
the maleic anhydride radical at all. Over a wide range
of monomer ratios, the styrene - maleic anhydride
copolymer ratio is therefore almost exactly 50:50,
with a regular alternating structure. This structure
represents the largest amount of maleic anhydride which
can enter into the copolymer, even when the anhydride
is in large excess. The copolymerisation of the two
1,2 disubstituted ethylenes, stilbene and maleic anhydride,
27has been reported, although neither of these materials 
po lyme ri se s alone.
For simplicity's sake we shall consider a copolymer­
isation system of two monomers only. Polymerisation may 
be initiated by 'activating' either monomer. This will 
then yield two kinds of free radicals which form the 
growing ends cf the polymer molecules. The reaction- 
characteristics of the chain radical are determined almost 
entirely by the terminal monomer unit, the nature of those 
preceeding it in the chain and the length of the chain 
being of little importance. In the copolymerisation of 
two monomers therefore only two chain radicals need be
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differentiated and addition of the two monomers to each 
of these introduces four simultaneously occurring 
propagation reactions
TABLE 1
Growing
Chain
Adding
Monomer
M„ 11
Reaction
Product
Rate of 
Process
kll (ml^  (M1^
aw” m-^ * + M,
12
/wv-m-jn^ k 1 2  (m^) (M2)
/wir^ • + M,
22
/wv-n^n^ 0
k 2 2  (m2 *> (M2 >
/wv-n^ • + M,
■21
/vwr k 2 1 m^ 2^ M^ l^
One must also consider three different chain 
terminating reactions between pairs of radicals, also a 
number of chain transfer steps are possible.
The composition of long chain copolymers and the 
arrangements of the individual units along the chain are 
determined almost entirely by the relative rates of the 
chain propagation reactions. However the rate of poly­
merisation will also be dependent upon the rates of the 
termination reactions. However copolymer composition 
rather than the rate of copolymerisation is considered 
here.
From the above chain propagation reactions radicals
of the type are introduced by primary initiation
and by reaction (2,1) in Table 1. radicals are
removed by the reaction (1,2) and termination reactions. 
The primary initiation and termination reactions at 
steady state may be considered equal and if the chains 
are long then the number of initiation and termination 
steps will be very small in comparison with the large 
number of propagation steps.
It will be sufficient therefore to consider only 
propagation steps when concerned with the relative 
concentrations of the two types of chain radicals. From 
the propagation steps therefore where one is considering 
a steady state the concentration of will remain 
constant, that is
*2lCM 2*]l>*x3 = k 12CM i d B * 2]
Therefore
[M2.] = k1 2 [M2] tMr .]
A similar equation may be obtained by applying the steady 
state conditions to the concentration of radicals of the 
type M2» . From Table 1 it can be seen that the rate of 
consumption of monomer is given by
-dCMj] = klx [M^ [Mj + k21[M2.][M1]
dt
and the rate of consumption for monomer M2
” ^12 + 2^2 l-M2^
dt
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Hence the ratio of the rates of consumption of the
monomers, which made up the chemical composition of the
copolymer is given by:
rate of consumption, of. monomer. 
rate of consumption of monomer M 2
Therefore d [m J  _ k ^  [m ^ [m J  + [m J
d[M2] k 12 ^ . 3  [M2] + k22[M2.3 [M2]
one can then substitute the term for [m 2«Q, derived above,
into this expression , the terms cancel out, and obtain
r
d[Mj _ [Mj k ^ C M j  + [Mj
d[M2] [M2] k22[M23 + OmJ
k21
putting r^ = and r2 = k22
k12 k21
then d [Mj = [m J  / + [m J
d [M2] [m 2] \ r2 [m 23 + [Mj
This copolymerisation equation was first established 
2 8by Mayo and Lewis for the system styrene - methyl
methacrylate. A similar equation was published at the
29same period by Alfrey and Goldfinger , and it has been 
confirmed repeatedly by subsequent investigations. The 
equation describes the relative rate at which and M 2 
react and enter a copolymer in terms of two constants r^ _ 
and r2, which Mayo and Lewis designated as monomer
reactivity ratios.
Thus r^ represents the ratio of rate constants for 
the reactions of a radical of type 1  with monomer and 
with monomer M 2  respectively.
By means of these parameters the composition of the 
copolymer being formed at any instant/ d[Mj\is related
\ a[M2]J
to the unreacted monomer concentrations. The monomer 
reactivity ratio is the ratio of the rate constants for 
the reactions of one type of radical with its corresponding 
monomer and the other monomer respectively.
By carrying out a minimum of two experiments employing 
different monomer concentrations and using some form of the
copolymerisation equation the monomer reactivity ratios may 
be evaluated simultaneously.
If one monomer is 'consumed' at a faster rate than the 
other then the ratio of unreacted monomers will be 
continuously changing as the copolymerisation proceeds.
This will give rise to a continually changing composition 
of the polymer being formed at each instant. The copolymer 
formed at the beginning will be richer in the more reactive 
monomer thus increasing the relative concentration of the 
other. The copolymer formed towards the end of the reaction 
will therefore be relatively richer in this second monomer.
If the relative compositions of monomers in copolymer 
and monomer feed are expressed in mole fractions then the 
expression
F
1 d EM il F2
can be obtained
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where F^ represents the fraction of monomer in the
copolymer. Also
1 - f
([m J  + [m 2]) 2
where f^ and f^ are the mole fractions of the unreacted 
monomers. From these and the copolymerisation equation 
one can obtain the expression
Using this equation, if the values of the monomer 
reactivity ratios r^ and r 2  are known, then the composition 
of a copolymer formed from a specified monomer concentration 
can be calculated.
It is apparent that the mole fraction F^, in nearly all 
cases, will not equal f^, hence both f^ and F^ will change 
as the polymerisation progresses. The polymer obtained 
over a wide range of conversion will consist of the summation 
of increments of polymers differing progressively in the 
mole fractions F^.
By applying different values for the parameters r^ and 
r 2  to the above equation and calculating various values of 
f^ and F^ then curves of f^ plotted against F^ can be drawn. 
The analogy between copolymer^monomer mixture composition 
relationships and vapour-liquid equilibria in binary systems 
was first mentioned by Wall^0. Examples of such curves are 
represented in Figure 1.
F
1
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Curve A represents the shape of a plot when r^ <1 
and r 2  >1. In this case is more reactive with both, 
types of free radicals. Therefore more' M 2  will be in 
the copolymer than M^ in relation to their proportions 
in the field. The reverse of this is in curve B that is 
r^ >1 and <1. The composition when r^ and ^  are both 
less than unity is represented by curve C. Here, monomer 
M 2  will react preferentially with free radicals of the 
type M.j*, whereas monomer M^ will be more reactive than 
monomer M 2  with M 2 » free radicals. Again the opposite of 
this is curve D, that is when both monomer reactivity 
ratios are greater than unity. This type, however, has 
yet to be found experimentally.
As can be seen both curves C and D cross the 45° 
line. At these points of intersection the composition of 
the copolymer being formed is identical with that of the 
monomer mixture. W a l l ^  has termed the products at these 
points 'azeotropic* copolymers.
Molecular Weights of Polymers
Positive identification that one is. dealing with a 
polymeric substance must often be made. This is most 
easily performed by measurement of the molecular weight 
of the compound. The determination of molecular weight 
is also important when considering properties of polymers 
such as melt and solution viscosities, tension in 
stretched elastomers, creep and stress relaxation which 
depend upon the molecular weight of the polymer.
As the stages of initiation, propagation and 
termination are to a certain extent random then polymers 
are almost invariably heterogeneous, hence molecular 
weights measured will only be averages. Also, different 
methods of molecular weight determination may give 
different average molecular weights.
The main types of average molecular weights are:- 
Number-Average Molecular Weight. Mn
The number average molecular weight of a polymer is, 
effectively, the number of molecules in a given mass. It 
may be defined by
where is the sum of the number of moles of each
molecular species each multiplied by the molecular weight 
of the species.
The number average is very sensitive to changes in
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the amount of low-molecular-weight material and relatively 
insensitive to similar changes in the amount of high- 
molecular-weight material. End-group analysis and 
.colligative methods are used to determine this type of 
molecular weight.
Weight Average Molecular Weight Mw
Methods of determining molecular weight, such as 
light scattering, which depend upon the weight of the 
molecule give a weight-average molecular weight which 
can be expressed as
\
ZN±M i
This is particularly sensitive to high-molecular 
weight species because of the squared term. For a homo­
geneous polymer Mn and M^ are equal ? otherwise Mw is
always greater than Mn . The ratio of Mwwill give an
M
n
idea of the heterogenity of the polymer. When considering
polymer properties which are more dependent upon the high-
molecular-weight material, then Mw may be preferred. If
a mixture of equal numbers of polymer molecules of weight
10,000 and 100,000 is made, then iL = 55,000 and MrT =' n w
92,000.
Other types of average molecular weights are also 
known. For molecular weights determined from viscosity 
measurements a viscosity average molecular weight is obtained.
By using the equation
M  = k m "
then the viscosity average molecular weight is given by 
the expression
There are also more complex averages such as that 
obtained from sedimentation equilibrium measurements,
M = ZN.M . 3  z 1 1
Molecular Weight Determination
The importance of polymer molecular weights has lead 
to the development of many methods for their determination. 
The principle methods are:- 
End-Group Analysis
For this method to be applicable the polymer must 
contain a known number of chemically-determinable groups 
per molecule. These are usually the end-groups, that is 
two per linear polymer molecule, for example carboxyl and 
hydroxyl groups in polyesters. A certain number of end 
groups in a known mass of the polymer will yield the 
number average molecular weight.
Using Colligative Properties
In a very dilute solution the activity of the solute 
is proportional to its mole fraction X 2 « In such dilute
l+<
ZNiMi
solutions the activity of the solvent is equal to its 
mole fraction x^. Thus x^ is very close to unity and 
1 -x-^  = X 2  so that measurement of the depression of the 
activity of the solvent gives ^ 2 *
x2 =  w2M 2 
w1M1+w2M2 
Thus M 2  can be calculated.
Such colligative properties measured are the depression 
of freezing point or elevation of boiling point, which are 
accurate for polymers of molecular weights up to 40,000. 
However these methods are not sensitive enough for higher 
molecular weights. For higher molecular weights up to
1 ,0 0 0 , 0 0 0  osmotic pressure measurements may be adopted.
There also tends to be a lower limit of about 20,000 
because polymers of lower molecular weight may diffuse 
through the osmotic membranes.
Light Scattering Methods
I '
The non-homogeneous structure of non-absorbing gases 
and liquids causes them to scatter light. In pure liquids 
this scattering is due to local thermal fluctuations in
1
density. However, a further scattering will also, be
caused by solute molecules in solution. The increase in
scattering is measurable in the case when the solute is
a polymer. This increase is related to the concentration
31and molecular weight of the polymer. Debye was the 
first to establish these relationships and apply them to
molecular weight determination of polymers. (The light 
scattering relationships are dependent upon the polymer 
molecules being small in comparison to the wave length 
of the monochromatic light used. This restricts the 
upper limit of molecular weight than can be accurately 
measured by this method. If the polymer is flexible and 
appreciably coiled then measurements may be made up to
500,000. However, for straight,chained molecules, the 
limit is around 50,000).
Viscosity Measurements
High polymer molecules possess the particular
characteristic of greatly increasing the viscosity of
the liquid in which they are dissolved, even when present
32 33in concentrations which are relatively low. Standinger ' 
was the first to realise that viscosity measurements could 
be used to characterise polymers. This is another example 
of the effect of the voluminous character of randomly 
coiled long chain molecules. The higher the molecular 
weight within a given series of linear polymer homologues, 
the greater the increase in viscosity produced by a given 
weight concentration of polymer.
However, an absolute value for the molecular weight 
of a polymer cannot be derived from solution viscosity 
measurements alone. The dependence of viscosity on 
molecular weight must be established more or less 
empirically in each individual case by comparison with
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molecular weights determined by one of the absolute 
methods mentioned previously. Nevertheless, dilute 
solution viscosity measurements and the determination 
of the intrinsic viscosity are extremely valuable for 
the characterisation of polymers.
The correlation between the viscosity of a polymer 
solution n, and that of the pure solvent nQ is expressed 
as a fraction termed the specific viscosity ngp
11 sp = * - no
"o
= nr- l
where nr = relative viscosity.
The specific viscosity is dependent upon the concentration
but is rarely exactly linear with it, it expresses the
incremental viscosity attributable to the polymeric solute.
The ratio ngp is a measure of the specific capacity 
c
of the polymer to increase the relative viscosity. The
limiting value of this ratio at infinite dilution is called
34 r -tthe Intrinsic Viscosity [jU
Intrinsic Viscosity M  = / O
\ C / C-K>
The concentration c is customarily expressed in grams per
1 0 0  ml. of solution, the intrinsic viscosity being given
in the reciprocal of these units, that is decilitres per
gram. It is necessary to extrapolate to infinite dilution
but the procedure for this is relatively simple. Plots of
n against c usually are very nearly linear for nr< 2
c
and the slopes of these plots for a given polymer-solvent
system vary approximately with the square of the intrinsic
35viscosity. Thus the equation proposed by Huggins is
2*b^  = n  +*'[n]c2
c
where k' is approximately constant for a series of polymer 
homologues in a given solvent.
34The logarithmic form, Kraemers equation,   -
logarithmic reduced viscosity = In
c
is less dependent upon concentration than the expression 
nsp/c and extrapolation to infinite dilution (c-*o), which 
reaches the same limit, involves a smaller numerical change. 
One can therefore obtain the following expression
I n J t  = M  + k & l 2c
c
when k! 1 = k* - h. Generally k*' is negative and smaller
in magnitude than k 1, hence the smaller numerical change
In than ri^ . 
c c
The viscosity method for molecular weight is not an 
absolute one, no satisfactory theory of dilute polymer 
solutions exists which permits the direct calculation of 
molecular weights from the measurement of dilute solution 
viscosities. For molecular weight determination of a 
polymer series it is necessary to standardise using 
fractionated polymers, whose molecular weights have been 
previously determined by an alternative method. It is 
then necessary to derive an empirical relationship
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between \r\] and M. One such relationship is the Staudinger 
equation.
[n] = KM
However this is not accurate for many systems and the Mark- 
3  6
Houwink equation is usually employed
[n] = KM*
This may be rewritten
lo9loW = 1o5ioK + “lo5loM 
Therefore one may plot the logarithms of the intrinsic 
viscosities of a series of fractionated linear polymer 
homologues against the logarithms of their molecular weights. 
A linear relationship should be obtained and K and « 
determined, respectively, - from the intercept and slope of 
the plot.
The influence of molecular heterogenity of a polymer 
in solution requires this expression to be rewritten
[n] = K Mv*
where Mv is the viscosity average molecular weight.
37Chemical Reactions of Polymers
It has been recognised that reactions of macro­
molecules, owing to the nature of the molecules themselves, 
have their limitations and peculiarities. In reacting a 
functional group attached to a macromolecular chain it is 
important to choose a reaction which is known to proceed 
with small molecules similar in structure to the repeating 
unit of the polymer and with a high yield. Should the 
yield be low the resulting product will be a copolymer of 
original and transformed units, since in this type of 
reaction separation of the product and any by-products is
impossible owing to their common attachment to the same
3 8polymeric chain . The low molecular weight "homolog" 
should be chosen with care, so that all steric factors 
occurring in the immediate vicinity of the chain are taken 
into proper consideration.
High polymer reactions are usually accompanied by 
continuously changing solubility characteristics of the 
system with subsequent effects on the rate of reaction? the 
rate generally increasing if the polymer dissolves as the 
reaction proceeds and decreasing if precipitation of the 
reaction product occurs. In the former case, it is assumed 
that reaction takes place very near to the surface of the 
undissolved particles and that as the reaction proceeds the 
product swells and subsequently dissolves, the reaction 
can then easily go to completion. The case of the polymer 
precipitating as the reaction proceeds tends to give
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irregular substitution, the distribution of substituents 
being dependent on the degree of swelling of the polymer 
and the accessibility of the reactive groups to the 
reagent. Therefore it can be seen that the choice of 
the solvent is of prime importance in such systems. Inter­
chain crosslinking by secondary reactions can also cause
39precipitation of an incompletely reacted polymer.
Often, in organic chemistry, it is convenient to 
have a system in which the reactants are in solution and the 
product is precipitated, however, with similar polymeric 
reactions precipitation will occur before all the units 
have reacted, leading to a copolymer product. Thus in the 
polymer case it is preferable for the reactants, inter­
mediates and products all to be soluble in the reaction 
medium. The product may easily be recovered by precipitation 
into a non-solvent. This, however, may have the dis­
advantage polymer chains which have not reacted are also 
collected in the precipitation process. When precipitation 
occurs during the reaction then all polymer chains obtained 
must contain a relatively high amount of product units for 
the precipitation to take place.
Steric effects are often evident in high polymer 
reactions. These effects, which tend to limit the yield of 
the reaction, are due to the conditions of coiling of the 
polymeric chain. These in turn are due to specific volume 
effects of the substituents and the chain effects. Chain 
flexibility may cause interaction of functional groups
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spaced further apart along the polymer chain to become 
important. This may be enhanced by the large number of 
functional groups present, which may be constrained to 
occupy the limited volumes of swollen polymer chains.
So, reactivity of dilute solutions of polymers may be 
approximate to that of a system composed of droplets of 
concentrated solution separated by long distances of pure 
solvent. Specific chain folding may force functional 
groups into mutual proximity, causing inter-reactions. This 
would not occur were the polymer randomly coiled, thereby 
creating little chance for interaction of such groups 
placed along the polymer backbone. An example of such 
chain folding would be in a globular protein.
Electrostatic charges from polar groups built up on 
the molecules also influence reaction rates by adversely, 
or otherwise, affecting the reactivities of groups on 
neighbouring repeating units. Hydrogen bonding, attributable 
to the newly formed group will also affect the reaction 
rates. Crystalline polymers, which retain the crystallinity 
under the reaction conditions may be accessible to the 
reagent only in the amorphous region.
When preparing a certain polymeric compound, that is, 
one bearing a required functional side-group, one may 
approach the preparation in one of two ways. The required 
monomer may be prepared and this polymerised to yield the 
polymeric compound containing the desired functional group. 
However, this method has several limitations. It may not
be possible to synthesise the desired monomer, or if one 
reacts a vinyl compound the reaction conditions employed 
may induce polymerisation. This polymerisation will be 
uncontrolled and will result in a widespread molecular 
weight. Crosslinking of the polymers may also take place.
On the other hand, the monomer bearing the desired 
functional group may be prepared but one may not be able 
to polymerise it. A third limitation is that the 
functional group may not be stable under the conditions 
of polymerisation.
The other method of preparing a. desired polymer is to 
take a readily available monomer containing unreactive 
groups, e.g. styrene, that will polymerise easily, poly­
merise it and introduce into this polymer the required 
functional groups. This method has the disadvantages that 
it may be difficult to obtain 100% conversion and that the 
substitution may occur in a random manner along the poly­
meric chains. If various stages have to be undergone then 
the final product will have different species along the 
polymer chain. Should one reaction step be very difficult, 
then the final unit produced may not be the most abundant 
on the chain.
For reactions of non-polymeric compounds one is able 
to purify the product at each step and thus end with the 
desired product in a pure state. This is not possible when 
reacting polymers as it is not possible to remove any
unreacted units. Also in some reactions by-products from 
side reactions may introduce still further species on 
to the polymer chain.
Another method may be applied to prepare a certain 
polymer which is a modification of the first method, to 
overcome its limitation. This entails the use of monomers 
in which the functional groups are chemically protected.
This method is not widely applicable and it is not always 
possible to liberate the protected groups quantitatively.
The most practical route must therefore be decided 
upon to obtain the product sought after.Consideration 
must be given to all the above factors. Reacting the 
polymer is often preferred as a high conversion of the units 
along the chain may not necessarily be required especially 
if the unreacted species does not interfere in any 
subsequeht reactions.
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The Structure of Macromolecules
The architecture of macromolecules can be of a very 
complex nature. While the basic building blocks, the 
atoms, have rather simple bonding geometries, the 
versatility in the number of ways they may be combined 
coupled with the large numbers of atoms in macromolecules 
results in virtually an unlimited number of different 
spatial macromolecular assemblies. Much of the commercial 
value of polymers derives from the geometric versatility 
of these molecules.
It is very difficult to describe precisely the macro 
molecular geometries because of the immense size of these 
molecules and the large number of possible degrees of 
structural freedom. In order to have the capability of 
describing the spatial properties of any linear macro­
molecule four levels of structural specification have 
been defined.
Primary structure
This is the structural formulae of the repeating, 
monomeric units, including the bond lengths and bond 
angles of the chemical bonds. Interchanging different 
types of monomers along the polymer chain will obviously 
modify the total macromolecular geometry.
Secondary structure
The secondary structure is the manner in which the 
monomer units are folded to generate simple geometric
structures. For linear non-branching macromolecules 
virtually all non-random structures possess cylindrical 
form. In fact, nearly every regular secondary structure 
is helical.
Tertiary structure.
This is the arrangement for the secondary structure 
in a macromolecule. For polymers that exhibit a regular 
tertiary structure the vast majority are either extended 
or folded.
Extended. An extended arrangement results in a structure 
known as a coiled-coil. The macromolecule assumes an 
overall rod-like shape. This structure can result from 
introducing small periodic variations in a helical 
secondary structure. These small variations give rise to 
a second helix so that the resulting tertiary structure 
is equivalent to a spring, the helix of which corresponds 
to the secondary structure, wrapped around a cylinder so 
as to generate a second helix.
Folded. The segments of the chain fold back upon themselves. 
Folded tertiary structures can be sub divided into three 
types.
Order folded tertiary structures possess a character­
istic fold length common to the segments of the macro- 
molecule. The segments act as virtually independent 
chains, packing into an ordered array which can be 
considered to be a minicrystal.
When the macromolecules are heterogenous in primary 
structure and ordered folds in the macromolecule are 
prohibited then the gross shape of the macromolecule 
is globular, this is known as a globular-folded 
tertiary structure. Some polymers possess only some 
locally-ordered regions, the other regions being random, 
these are known as random tertiary structures.
Quaternary structure
This is the specific arrangement of two or more 
macromolecules to form a unique macromolecular organisation. 
Quaternary structures involve only a few macromolecules, at 
least when compared to crystal or amorphous aggregates, 
and the resulting structure usually has all the chemical 
properties of a distinct entity.
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Discussion
A well-proven procedure was used for the preparation 
of polystyrene : a solution of styrene and benzoyl 
peroxide (0.55% by weight of styrene) in xylene was heated 
for 24 hours at 80°. The polystyrene was isolated by 
precipitation into methanol and purified by methanol 
washings. This method yielded a polymer of molecular 
weight in the region of 45,000,determined by viscosity . 
measurements. Polystyrene was also obtained from BDH 
and viscosity measurements confirmed that, as stated by 
the supplier, its molecular weight was about 1 0 0 ,0 0 0 .
These.specimens were used as the starting materials for 
the preparation of poly(vinylacetophenone). All the 
polystyrene samples dissolved easily in their solvents.
The polystyrene batches prepared, as above, BDH poly­
styrene, and that prepared by a bulk polymerisation with 
<==,« 1 azoisobutyronitrile initiator, are compared in Table 
(page 185).The last polymerisation was carried out : 
essentially as a comparison with similar styrene copoly­
merisations.
Poly(vinylacetophenone)
The preparation of poly(vinylacetophenone), by the
acylation of polystyrene, has been reported several times
42-46in the literature . These authors found the Friedel-
Crafts reaction, using aluminium and acetyl chloride in
- 52 -
carbon disulphide, to take place fairly easily.
44
Blanchette and Cotman and Beckerbauer and 
46Baumgarten both reported that their acetylations 
resulted'in a homopolymer of poly(vinylacetophenone), 
that is, 1 0 0 % conversion of the styrene units.
As can be seen from tableE2 none of the present 
Friedel-Crafts reactions resulted in complete acylation, 
and it is not surprising that incomplete reaction has 
taken place because the poly(vinylacetophenone) pre­
cipitates from the carbon disulphide solution. As soon 
as enough styrene units have been converted to acetophenone 
units along the polymer chain to render the polymer 
insoluble, then precipitation occurs. This is likely 
to take place before complete reaction of all units.
Once precipitated, conditions for subsequent reaction 
of the unreacted styrene units will become less favourable 
and it is unlikely that the reaction will proceed much 
further.
46Beckerbauer and Baumgarten modified their preparation 
to obtain a copolymer with a high proportion of unreacted
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Styrene units. They also prepared a similar copolymer by 
copolymerising styrene and p-vinylacetophenone. The 
E-vinylacetophenone was prepared by Friedel-Craft reaction 
on 2 -phenylethylacetate and subsequent pyrolysis of the 
2 -( p-acetylphenyl) ethyl acetate.
A successful preparation of poly(vinylacetophenone)- 
this name is maintained although strictly the product is 
a copolymer with styrene - was carried .out. However, 
difficulty was found in repeating the good result obtained 
from this first acylation of polystyrene (see Tables E2 & E3). 
Although in general the yields are fair and conversions 
are good the ease with which some of the preparations were 
carried out was adversely affected.
The difficulties manifested themselves in two stages 
of the preparation: after the reaction mixture had been 
heated and refluxed, the solid product did not, on cooling, 
precipitate easily from the reaction mixture. Secondly when 
the solid product was eventually obtained from the reaction 
mixture it would not dissolve easily in acetone, and the 
product is purified by precipitation from acetone solution. 
The weight of the insoluble product was sometimes higher 
than 50% of the total crude product yield.
The purified poly (vinylacetophenone) finally obtained 
in these preparations was soluble, and the intrinsic 
viscosity measurements showed no great variations and were 
of the same order as that of the originating polystyrene.
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Hence this material is not appreciably cross-linked. 
Although occasional cross-linking may have contributed 
to the formation of the insoluble product, the finding 
above does not indicate cross-linking to be important. 
Two possible explanations can be put forward as to the 
cause of these difficulties during the preparation and 
purification procedures. The true explanation is 
probably a combination of both these arguments.
First let us consider the mechanism of the Friedel- 
Craft acylation of hydrocarbons. Until recently the 
generally accepted mechanism was an ionic one involving 
the intermediate formation of an acyl cation.
rcoci + aici 3 ^^|jr£==o <— > r c = S J  aIci 4^ r £ o  + A1C1 A
ArH + R &   >
H.  ^COR.
MCI
<j£R
+ HAlCl^
Brown^lias studied the Friedel-Craft reaction- on 
toluene in detail; toluene acylates in the para position. 
Apart from the steric factors of the polymer chain toluene 
is a possible model compound for polystyrene. Brown stated 
that the above ionic mechanism cannot operate for toluene 
and suggested a substitution mechanism involving a larger 
attacking reagent. This reagent may be the complex 
R CO Cl• AlCl^ or a solvated complex.
R
I
+C-0-A1C1 0-A1C1 3
C=0-A1C1- 
I -
+
CH 3
Cl CH.3.
+ -
0-A1C13
R
q -a i c i 3
+ A1C1 3CH3+
The ion CH^CO has been detected (by infra red spect­
roscopy) in the liquid complex between acetyl chloride 
and aluminium chloride and in polar solvents such as 
nitrobenzene, a common solvent for Friedel-Crafts 
reactions as it is a solvent for aluminium chloride.
However in non-polar solvents such as chloroform only
48the complex and not the free ion is present.
Carbon disulphide is a non-polar solvent and it therefore 
appears probable that substitution via the complex 
operates in the preparation of poly(vinylacetophenone).
At the end of the reaction, therefore, it can be 
seen that the ketone group once introduced into the polymer 
will remain complexed with the aluminium chloride. Thus 
rather more than one equivalent of the catalyst must be 
employed, unlike alkylation where only small amounts are 
required. There is, however, some evidence that such AlCl^ 
complexing of the ketone is an essential, rather than 
merely a nuisance feature of the reaction as otherwise
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the ketone forms a complex with the acylium ion
Ph 0
\ + I
C-O-C-R
/
R
and this would prevent the latter from attacking its proper 
substrate.
It. is this complex between the ketone group and
aluminium chloride that may have produced the difficulties
in the preparation procedure. This complex may be more
soluble in the carbon disulphide than the polymer. If this
complex is not thoroughly broken down during the washing
stages (the introduction of a dilute sulphuric acid wash
did increase the yield of poly (vinylacetophenone)) then the
acetone will not be able to extract the polymer from the
complex. This theory is substantiated, by the high ash contents
found on ignition of the insoluble masses. Kenyon and 
42Waugh also reported a little ash in their poly(vinyl­
acetophenone) sample. Washing a Friedel-Crafts product with
acid has been used to leave a sample essentially free of
49aluminium chloride.
The second explanation is that some of the polystyrene/ 
which is carbon disulphide soluble, is only partially 
acetylated and still remains soluble in the carbon 
disulphide. At the point when taken from solution and 
purification attempted the acetylation may not have taken
. t
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place on some polymer molecules to such an extent as to 
render the polymer chain soluble in acetone. A steam 
distillation of the carbon disulphide filtrate yielded 
a yellow powder found to be polystyrene acetylatedonly 
to the extent of about 30%. This product contains no 
ash and is insoluble in acetone; the copolymer is, how­
ever, soluble in toluene.
These problems may have been accentuated by the 
difference in molecular weight between the polystyrene 
originally used, when the preparation proceeded without 
undue difficulty, and the BDH polystyrene (see Table 1).
This increase in molecular weight will have a bearing on 
the solubility of the starting material and the product. 
However, an increase in molecular weight will not usually 
cause a polymer to be more soluble, that is remain in the 
carbon disulphide solution. The difficulty in preparation 
occurred also in the acylation of a low molecular weight 
polystyrene.
Infra red measurements on the samples of purified 
poly(vinylacetophenone) gave spectra identical for all 
samples with a strong absorption at 1 6 8 0  cm ^ due to 
the /C=0 stretching frequency. The spectrum is similar 
to that of acetophenone itself. Nujol mulls of the product 
insoluble in acetone were hard to prepare but they gave 
spectra similar to that of the pure poly(vinylacetophenone) 
but also with a very broad band in the region 3000 -*■3,700 cm \
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As the sample was thoroughly dried before the spectrum 
was run, the most likely explanation is that this band 
is due to the aluminium residues present, complexed 
with the poly ketone .
A nuclear magnetic resonance proton spectrum of 
the polymer was run in CDCl^ solution. A spectrum of the 
originating polystyrene was also measured and the expected 
spectrum obtained. The methylene and methine bands are 
at 8.5t and 8 .It respectively. The two ortho protons 
are represented by a band at 3.4 x , and a band at 2.9t 
is also present arising from the meta and para hydrogens.
The spectrum of poly(vinylacetophenone) shows the 
methyl hydrogens clearly at 7.5x. The lower end of the 
spectrum now contains three peaks; these can be assigned 
to be consistent with para substitution of the polystyrene. 
The broad peaks are at 3.5 t , 2.9 x and 2.55 x . The 
integrator values for the peaks at 7.5 x and 2.55 x are 
in the ratio of 3:2. This is consistent with the three 
methyl hydrogens and two meta hydrogens. This is the 
expected ratio as for every styrene unit acetylated there 
are three methyl protons introduced, for every acetylation 
the para proton will be removed leaving only meta and 
ortho hydrogens. This new band in the spectrum at 2.55t 
is due to the two meta protons. The peak at 2.9x arises 
from three protons of unreacted styrene units ( 2  meta and 
and 1 para). The peak at 3.5t is due to the ortho
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hydrogens from both poly(vinylacetophenone) and polystyrene.
The integrator values are also consistent with these 
assignments
2 . 5 5 t  +  2 .9  t  = 3.5 t
3 '
Therefore one can assume the polymer to be poly (p-vinyl- 
acetophenone). This is most likely for steric reasons as 
the polymer chain would hinder the formation of the 
necessary intermediates in the ortho position. Also para 
substitution is most likely as a Friedel-Craft reaction on 
toluene yields- g-methyl acetophenone and one would expect 
polystyrene to react in a similar manner.
The intrinsic viscosities of samples of poly(vinyl­
acetophenone) were measure^in cyclohexanone at 25°. The 
values obtained fitted well with the two, high and low, 
molecular weight polystyrenes used for the preparations.
This consistency suggests that no crosslinking or degrad­
ation has taken place during the acylation of polystyrene.
Any _cr os shrinking would at least result in two chains 
joining that is the molecular weight of some of the polymer 
chains would double. Similarly any degradation would show 
the average molecular weight of the chains degraded being 
halved. Either of these taking place would be readily 
noticeable in the intrinsic viscosity determinations.
The objective of the viscosity determinations was just 
to characterise the individual batches of poly(vinylacetophenone)
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used for subsequent reactions. However, values for the 
molecular weights of the samples may also be determined 
from the molecular weights of the originating polystyrene, 
using the conversion figures calculated from the micro­
analyses results (table E2, page 18^ • These values for 
the molecular weights of the poly(vinylacetophenone) 
samples may be compared with their intrinsic viscosities 
(table Dl).
These figures may be applied to the Mark-Houwink 
equation
[n] = KM* 
which may be rewritten
1o9i0DO = 1o9iok + “i°g10M
By plotting log]_Q M  against log1QM a straight line graph 
will be obtained. K and « for poly(vinylacetophenone) can 
then be determined from the intercept and slope respect­
ively of this line.
As can be seen from the graph that is actually obtained 
K and « cannot be determined with a high degree of accuracy. 
For accurate determinations of K and « a wide range of
molecular weights are required so that several points may
be plotted and an accurate straight line graph obtained.
The graph is obtained from two sets of poly(vinylaceto- 
phenones) each set being of four similar preparations, 
and also the distance the graph is extrapolated to zero, 
to give M, is large. However, the method is correct in 
itself, and the values for K and « so determined are:
K = 1.07 x 10~ 6
o= = 1.13
The poly(vinylacetophenone) used in its reactions was
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Poly(vinylacetophenone)
readily soluble in certain organic solvents : ketones such 
as acetone and cyclohexanone, dimethylformamide, tetra-
introducing the ketone group into a pre-existing polymer, 
several 'monomers' thought to be suitable were prepared. 
For these compounds to be suitable for the present work 
the compounds should bear both the required ketone group 
and a degree of unsaturation, through which polymerisation 
or copolymerisation may be induced.
Such a suitable compound is benzylideneacetone
Benzylideneacetone is a 1,2 disubstituted ethylene compound 
a substituted styrene. Although it is known that 1,2 di­
substitution generally leads to a reduction in the ability 
of a compound to polymerise it was still considered to be 
a useful monomer for investigation in this work. Only 
when the substituent is very small will homopolymerisation 
take place with 1 , 2  disubstituted ethylenes, an example 
being the formation of the valuable polymer polytetra- 
flUoroethylene.
This reluctance of 1,2 disubstituted ethylenes to add 
to themselves is considered to be due to steric hindrance
hydrofuran, glacial acetic acid and chloroform.. This 
is a fair range of solvents in which to carry out
subsequent reactions of the ketone group.
Benzylideneacetone and Furfuryiideneacetone Polymers 
As well as preparing poly(vinylacetophenone) by
CH=CH
Benzylideneacetone
(l-phenylbut-l-en-3-one)
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occurring in the transition state for the polymerisation 
reaction. Thi& steric hindrance being more serious than 
in the final product, since compounds of this type are 
actually quite stable once they are formed.
via H1
H
i
HI H1•
w  HCR-CHR' + CHR" = CHR'" C - c - C - c •
transition 1R 1 1 1state R 1 R" RHI
Let C and C 1 be designated for the carbons bearing 
R and R* respectively. The bond angle between C - C' and 
the free radical orbital will be 90° before addition of a 
further monomer molecule. This is converted to the tetra­
hedral bond angle (109°) C - C* ^ C" after addition. Also 
the angles of the adding monomer are converted from 1 2 0 ° 
for R" - C" - C 11' to the 109°. In the transition state, 
these angles and the bond distances presumably have 
intermediate values. The angles formed by the carbon 
atoms will be intermediate between 90° and 109° and the 
distances between carbon atoms C" and C'” is intermediate 
between the double (1.35A) and single (1.54A) bond 
distances.
Now consider what happens if we distort the bond angles
(see figure below) towards the form of the transition state^it
can be seen that groups in the positions R and R" are
R' H
\l R‘"
C _
: \ :\
H R  K R "
forced closer together, to a point where considerable
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van der.Waals* repulsion may occur. Thus, the steric 
interference would appear to be much greater in the 
transition state than is indicated by a structural 
formula or model of the product radical itself,
Eenzylideneacetone and furfurylideneacetone, a 
similar 1 ,2 disubstituted ethylene with a furan ring 
replacing the benzene ring*
CH=CH
£ _ 0  Furf urylideneacetone
(2-furyl)but-l-en-3-one]
can be prepared without undue difficulty by alkaline 
condensation of benzaldehyde and furfuraldehyde,respectively, 
with acetone
U NaOH °
R-CHO + CH 3 -C-CH3  h- R-CH=CH-C-CH3  + H20
Benzylideneacetone and furfurylideneacetone will not 
homopolymerise by free radical mechanisms. However it 
has been possible to prepare a range of homopolymers of 
the two monomers by other means. There are many reports 
in the Russian literature of the polymerisation of 
furfurylideneacetone and benzylideneacetone, particularly 
the former, which is used so extensively that it is known 
as 'monomer FA'. T h e fmonomer FA 1 is added to cement, 
used as a crosslinking agent in epoxy resins, and added 
to anti-corrosion paint.
Furfural, the starting material for furfurylidene- 
acetone, is readily obtainable from oat husks, which are
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plentiful in Russia. Furfural is prepared by the
dehydration of pentoses.
(HO'- CH - HC . CH - CH
'''J&l ... \ /  + CM
C”£ > H H D Q H C H O  ^
h '  ................. o ^
The Russian research appears to be centred around 
the use of furfurylideneacetone as an additive to concrete 
and building materials. Much of the work reported is 
crude ; furfurylideneacetone is shovelled into cement 
and the cement's mechanical properties measured/50' ^
However there are chemical papers in which homopoly­
merisations have been carried out under controlled 
conditions. Some of the structures postulated lack the
necessary supporting evidence.
52Kamenskii and Ungurean polymerised furfurylidene­
acetone using, sodium hydroxide as a catalyst. They collected 
approximately 0.5 mole of water per mole of monomer by a 
Dean and Stark trap. The consumption of bromine water and 
oxime-formation showed that both ethylene groups and 
unreacted ketone were present. The authors suggested the 
following regular structure for the polymer ;
r
CH
.0
I
CH  CH
\  /
CH 'CH CH CH
v  ^ 011 ,C CH
0  \  ^  \  // \  ^  .
CH CH^  0 ^ CH \
ch3
This tends to suggest an addition polymer and sub­
sequent condensation either at random or on alternate 
ketone groups along the polymer chain.
o
CH CH CH
I
CKfCH
CH CH CH CH -> product
C=0
0=0 0=0 0=0 0=0
CH.3 ch3  ce^ ch3
53Utkins and Kozlov prepared resins of furfurylidene­
acetone using sulphuric acid as a catalyst and suggested 
that only an addition polymerisation through the double 
bond occurred. Resins of furfurylideneacetone and benzyl­
ideneacetone were prepared with sodium as a catalyst by
addition polymerisation as the first stage, followed by 
subsequent reactions to yield ether linkages -so stated- 
between adjacent carbonyl groups.
It appears that the polymers are formed from a mixture 
of addition and condensation reactions. However, it is 
probable that both reactions take place simultaneously 
to yield polymer chains of a random nature.
Polymerisations of benzylideneacetone and furfuryl­
ideneacetone were carried out adopting the methods employed
54Kulakov, Kamenskii and Andreeva. They also propose an
by the Russian authors. Three catalyst systems were 
employed. .
1. Solutions of the monomers in toluene were refluxed, 
in the presence of aqueous sodium hydroxide catalyst, 
for four hours. This reaction was performed both with 
and without the use of a Dean and.Stark trap. When a 
trap was used water was collected indicating that a 
condensation reaction had taken place. The toluene 
solution, after water washing, was left to evaporate.A 
tacky plastic film was obtained, indicating that poly­
merisation had taken place. These polymers were purified 
by reprecipitation to yield orange/brown powders.
2. Benzylideneacetone and furfurylideneacetone were heated" 
in boiling tubes on an oil bath. When the crystalline 
starting materials had melted the sulphuric acid catalyst 
was added and heating continued. In the case of 
furfurylideneacetone this rapidly polymerised to form a 
solid product (around 120°). However benzylideneacetone 
was heated to 150° without solidifying. The reaction 
mixture did solidify on cooling at a temperature above 
the melting point of benzylideneacetone. The benzyl- 
lideneacetone polymers were purified by precipitation to 
yield a yellow/orange powder, while the black furfuryl­
ideneacetone polymers remained insoluble.
3. The third polymerisation reaction was carried out by 
heating the ketone monomer with metallic sodium. The
- 69 -
mixture was stirred and kept under a blanket of nitrogen.
A solution was formed, which became more viscous on further 
heating and eventually set solid. The polymers were 
collected and again purified by reprecipitation to yield 
orange powders.
The nuclear magnetic resonance proton spectra of the 
polymers do not yield a great deal of information to aid 
elucidation of their structures. Generally the furfury­
lideneacetone polymers gave very similar spectra, so also 
did the benzylideneacetone polymers. The trends for both 
the benzylideneacetone and furfurylideneacetone in their 
infra red spectra, as well as their NMR spectra, tend to 
suggest that all the polymers have similar structures. In 
benzylideneacetone the benzene ring should hot take any part 
in the polymerisation , styrene never undergoes polymerisation 
involving the aromatic ring. However, with furfurylidene­
acetone it is possible that polymerisation can take place 
via the furan ring, which has a lower degree of aromaticity. 
Therefore, three types of polymer unit, ignoring conden­
sation reactions for the time being, may be present in the 
polymer.
The nuclear magnetic resonance proton spectrum is 
consistent with the furan ring remaining unaltered during 
the polymerisation reactions. The spectrum shows a broad 
band at 2.7 t  and a doublet at 3.7 t  and 3.95 t  , these 
last two overlapping. These two, singlet and doublet, are 
in the ratio 1 :2 , the areas measured by an automatic 
integrator, These bands are in the olefinic region of the 
NMR and structure units 2 and 3, by the required addition 
would move the position of one proton in the spectrum to 
the saturated region. Therefore if there are three hydro­
gens in the olefinic region then the spectrum is consistent 
with that of the first suggested unit for the poly —  
furfurylideneacetone.
When using NMR in the study of these polymers it can 
be generally said that the method is too sensitive to give 
a great deal of information as regards their structure. In 
an amorphous chain polymer each hydrogen nucleus is in a 
slightly different environment from a similar one on a 
different structural unit. This causes a slight displacement 
of its position in the spectrum and leads to an overall 
spreading of the bands in the nuclear magnetic resonance 
spectrum. In the case of polybenzylideneacetone and poly- 
furfurylideneacetone the bands are being spread to such an
extent that they obscure each other.
The spectra of the benzylideneacetone polymers all 
have a single broad band around 2 . 8  t  due to the aromatic 
protons. The fact that this is a single peak suggests 
that the benzene rings are not situated regularly along 
the polymer chain as in the case of polystyrene itself.
In the spectrum of polystyrene two bands appear of the 
aromatic protons. When a copolymer of styrene is prepared 
these bands merge into one, in a way similar to that found 
in the spectra' of the benzylideneacetone polymers. (This 
will be discussed later when the copolymers of styrene and 
benzylideneacetone are considered).
The only further information that can be derived from 
the polymer NMR spectra is a comparison of the areas of the 
bands in different positions of the spectrum. These 
positions can only really be divided into the saturated and 
unsaturated regions of the spectrum and even then difficulties 
are still encountered. These difficulties are mainly the 
general undulating appearance of the polymer spectra to­
gether with any impurities that may be present, such as the 
chloroform in CDCl^ solvent. The presence of any simple 
organic impurities in a polymer may be easily detected using 
NMR by the presence of prominent sharp peaks in the spectrum. 
Although these impurities may be easily visible in the 
spectrum their presence will make accurate measurement of 
the integrator line difficult.
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To obtain relevant information from these integration 
values one must assume that the peaks in the unsaturated 
region are due entirely to the benzene ring (5 protons) 
for benzylideneacetone or the furan ring (3 protons) in 
the case of furfurylideneacetone. If there are hydrogens 
attached to unsaturated carbon atoms as in the monomers 
themselves or any double bonds produced during the conden­
sation reactions then one would expect to find these lower 
in the spectrum. However, the benzylideneacetone polymers 
spectra show no other major peaks below 4 t  than the broad 
aromatic peak centred around 2.75 x . It may be that there 
are other peaks under this broad one.
A comparison of the total hydrogens present calculated 
from the integrator values with the number calculated from 
microanalyses is shown in Table D2. The NMR values are 
lower than the microanalysis values, but the numbers of 
hydrogens for the polymers form two series following the 
same order ; that is, the fluctuations present are constant 
for both methods of calculation. The lower values obtained 
from the NMR calculations may be attributable, as indicated 
above, to the chloroform increasing the total area of the 
peaks in the aromatic region, also the hydrogens attached 
to doubly bonded carbons may be under the peaks of the benzene 
or furan rings.
To obtain information on the structures of these polymers 
infra red proves to be a more useful tool than nuclear 
magnetic resonance. The region 1800— 1600 cm ^ can be studied
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in particular. The bands that appear in this region can 
be considered to be due to C=0 absorptions.and C=C 
absorptions. These can be identified by further chemical 
reactions on the polymers, such as the preparation of oxime 
derivatives. Such preparation will remove or reduce the 
relative intensity of the carbonyl bands but the carbon- 
carbon double bond absorption will be unaffected. A reduction 
in intensity is in some ways preferable to complete removal 
of the absorption : that is, only partial reaction. In this 
case there can be no doubt that a particular band has been 
reduced, and not been shifted to another position in the 
spectrum.
The infra red spectrum of benzylideneacetone has been 
55studied in detail and the absorption bands in the region 
1800— 400 cm ^ have been interpreted. Samples of benzyl­
ideneacetone prepared are often mixtures of the two forms, 
cis and trans. The carbonyl and carbon-carbon double bond 
absorptions will show in slightly different positions for 
these two forms. Cis and trans forms may also exist for 
furfurylideneacetone, the infra red spectrum of which has 
also been studied . (see Table D3)
A comparison of the infra red spectra of the polymers 
with that of their oxime derivative (see tables E8-E11 pp 216-19) 
indicates, that the polymers contain two carbonyl groups in 
very different environments. Generally the two absorptions, 
at 1715-1700 :cm ^ and 1665-1660 cm ^ present in the spectra 
of the polymers are removed or greatly reduced by reaction
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TABLE D3
Infra Red Spectrum of Benzylideneacetone 
and Furfurylideneacetone
Furfurylideneacetone Benzylideneacetone
56 5 5Absorption Found Lit Absorption Found Lit
C=0 s-cis 1690 1690
1660 1665
C=0 s-trans 1675 1667
C=C s-cis 1595 1608
1615 1625
C= 0
C=C
C=C s-trans 1610 1624
with hydroxylamine hydrochloride. The band at 1590 cm ^ 
remains ; this is discussed later.
The band at 1600cm ^ present in the infra red spectra 
of the polybenzylideneacetones is also present in the 
spectrum of polystyrene. It must be therefore that this 
band is associated with a stretching frequency of the 
benzene ring. The weaker absorption at 1580-1590 cm”^ would 
be expected to be due to C=C stretching presumably from 
condensation reactions which are involved in the polymer­
isation mechanism.
• The two carbonyl absorptions at 1715-1700 cm ^ and 
1665-1660 cm suggesting ketone groups in two different 
environments, can be explained. One must be due to unreacted 
methyl ketone of the monomer now along the polymer chain.
When a condensation reaction takes place between two • 
adjacent carbonyl groups then it can be seen that a six 
membered ring will be formed:
(P) . (Q)
The product is, in fact, a highly substituted 2-cyclohexenone 
ring. The absorption of the carbonyl bond of 2-cyclohexenone 
in the infra red region has been measured and located at 
1690 cm Thus the two carbonyl situations are (P) and (Q) ;
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one cannot however definitely correlate each with an 
absorption region.
The microanalysis figures of the polymers prepared 
show a reduction in the oxygen from that of the monomer 
indicating that water is lost during the condensation 
reaction. However, the hydrogen values do not agree 
satisfactorily with the loss of two hydrogens per oxygen.
Although it may be an over—simplification of the 
true reactions taking place, the proposed mechanism of 
an addition polymerisation followed by condensation reactions 
along the polymer chain is a convenient way of representing 
the polymerisation mechanism.
I
When considering the mechanism of the addition reaction 
we have to decide in which ways benzylideneacetone will 
probably take up i) a proton from a strong proton-donor, 
and ii) a reactive anion.
R R R R
CH=CH
C=0
CH3 C=0 C=0 C=0 C=0
CH3 CH3 CH3 CH.3
R R R
I
or
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consider the dipole pattern:
\ - o6-
3‘ cc II
—  CH = CH -  c - ch 3
5 + 6 - 6 +\
The main pattern is that the CO dipole polarises the 
7r-electronSof the C=C double bond as shown. Hence C willoc
probably receive H+ and C the anion X:
H-A
r ' *  / = \  +
-CH=CH-CO-CH„ L h -CH-CHo“CO-CH.\  n " U n = L n - l u - **• \\ n —v_n—
+A (HS04)
This is the initiation process and the cationic poly­
merisation will then proceed via the following propagation 
reactions
R-CH-CH^-C0-CHo R-CH-CH^-CO-CH
R-CH=CH-CO-CH~ R-CH-CH-C0-CHo3 a 3
R-CH=CH-CO-CH3
r-ch-ch 9 co-ch^
I 2  
R-CH-CH-CO-CH-3
+ I 3
R-CH-CH-CO-CH.3 .
Chain termination will probably take place by transfer 
of H+ to a molecule of monomer (chain transfer) or to A 
(complete termination). The end of the polymer chain will be
r-ch=c-co-ch3
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Sodium and sodium hydroxide will both act as anionic 
initiators for the polymerisation of benzylideneacetone 
and furfurylideneacetone. Sodium hydroxide will release 
OH while sodium will provide an anion by reacting:
Na + XH %H 2  + Na+ + :X~
XH may be a trace of water present or it may be that the 
monomer reacts
R-CH=CH-CO-CH^ R-CH=CH-CO-CH.2
Initiation.
XiC O6*" X
4? I I -
R - CH = CH - C - CH- -> R - C H  - CH - CO -CH.
6 + **
Propagation
R-CHX-CH-CO-CH, R-CHX-CH-CO-CH-
R-CH=CH-C0-CHo R-CK-CH-.CO-CH
J 3
R-CH=CH-CO-CH-v* £
R-CHX-CH-CO-CH~
I ^
 > r-ch-ch-co-ch7
I J
R-CH-CH-CO-CH- *• 3
Termination
Chain termination may take place by transfer of H:" 
to a monomer molecule (chain transfer) or to an impurity 
such as a trace of water to give H 2  + OH (complete 
termination).
The end group will then be
r-c=ch-co-ch3
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The polymerisation may also be terminated by take 
up of H+ (eg. from -CO-CH^ or again a trace of water).
In this case the end group of the polymer chain will be:
r-ch-ch 2 -co-ch3  
Sodium has been used also as a source for free 
radicals, but a free radical mechanism can be ruled out 
as other attempts to polymerise the benzylideneacetone 
and furfurylideneacetone by free radical initiators have 
proved unsuccessful. The three catalysts used for the 
addition polymerisations, described above, will also 
catalyse the condensation reaction of the polymer ketonic 
side-groups.
The furfurylideneacetone polymers catalysed by 
sulphuric acid proved to be insoluble in all solvents
tried. This suggests that crosslinking has taken place.
#
The resin formed using concentrated sulphuric acid proved 
very tough ? similar in texture j:o bakelite. The benzyl­
ideneacetone polymers prepared under the same conditions 
all proved readily soluble in most common solvents; no 
signs of crosslinking were noticeable.
This crosslinking of the poly furfurylideneacetone 
may take place through one of the two double bonds that 
are present in the furan ring. A vinyl type addition has
been suggested to take place during the crosslinking of 
57 58furan resins. ' For example in a phenol-furfurolresin, in 
addition to the reaction of the aldehyde group with the 
reactive o and jd hydrogen atoms of phenol a double bond
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polymerisation also takes place. This would give a typical
A  similar reaction of the furan would account for the cross- 
linking of the sulphuric acid catalysed polymers, while no 
such crosslinking occurs with benzylideneacetone.
All other furfurylideneacetone and benzylideneacetone 
polymers were soluble in a number of solvents, water being 
the main non-solvent. It is apparent, that no crosslinking 
reactions have taken place. These must therefore be linear 
polymers, and this tends to support the idea of an addition 
reaction taking place first. The subsequent condensation 
reactions would then be very favourable as the carbonyls 
would be adjacent- The formation of the six membered ring 
by an intramolecular condensation is again thought probable.
The presence of two carbonyl absorptions, and the 
microanalysis results, show that the oxygen has been reduced 
but not removed (or halved, in the case of polyfurfurylidene- 
acetone). If a regular ladder structure was formed then 
complete elimination of oxygen is required.
unit
HO
i /
The polymeric products are all coloured which tends to
suggest a certain amount of conjugation of the double
bonds in the polymer.
The polymer structure with condensation only between
pairs of adjacent ketone groups would require 0.5 mole of
oxygen being removed per mole of monomer.
When a Dean and Stark trap was used the water released
during the reaction was collected. The empirical formula
corresponding to this loss was calculated.
Calculated Empirical 
Formula
Monomer Molar Volume of From water From Micro­
scale water loss analysis
collected(ml)
Furfurylidene­
acetone 0 . 2 0  2 . 8  C8H6.46°1.23 C 8 H 7 .6 7 ° 1 . 3 7
Benzylidene-
acetone 0.2 2.3 C10H8 .72°0.36 C10H9.87°"0.:
As previously stated there must be some unreacted ketone 
groups along the polymer chain to account for the two 
carbonyl absorptions in the infra red and the excess oxygen 
detected by microanalysis. Therefore a structure of the
seems very likely. This represents a random arrangement
of the condensation reactions taking place along the polymer 
59chain. Flory has calculated for an intramolecular 
co-reaction of adjacent pairs of functional groups in a 
polymer chain that there is an upper conversion limit.This 
upper limit results from the occasional isolation of a 
single functional group between two pairs of the reacted 
groups. His calculations showed that there will be 13.5%
of unreacted groups. This would give 24°0 57 ^°r
benzylideneacetone and CgH^ ^ 4 ^ 1  5 7  ^or furfurylideneacetone•
Polyvinyllaevulinate
Vinyl esters can be prepared by transvinylation
60 61
(vinyl■interchange) ; this was first carried out by Hermann. '
In the laboratory this is thought to be more convenient 
than the reaction of acetylene and a carboxylic acid, used 
industrially. The starting materials for transvinylation 
are vinyl acetate and the appropriate carboxylic acid ; 
these react in the presence of mercuric acetate and a strong 
acid to give acetic acid and the desired vinyl ester.
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(CH3 COO)2Hg
RCOOH + CH 3 GOOCH=CH 2  ---► RCOOCH=CH2  + CH3COOH
H 2 S° 4  •
Such a vinyl ester, a monomer bearing the ketone 
group required for the present work, is vinyl laevulinate
CH0=CH 
2  I 
0  
Ic=o
I
CH 0  
I 2
CH
j 2 Vinyl Laevulinate
C=0
I
CH3
Vinyl laevulinate was prepared, using a transester-
6 2ification method, by Leonard and Bordenca. However, on 
repeating their procedure only a small yield was obtained. 
Therefore, a slightly different method for the transvinyl­
ation was adopted. The method was that of Swern and 
6  3Jordan, which is known to be successful with other
64
carboxylic acids ; it enabled the preparation of vinyl 
laevulinate in good yield to be carried out.
The mechanism for transvinylation has been studied 
extensively and the following reactions are thought to 
take place.^
CH 3 COOCH=CH2  + Hg(OCOCH3)2 ^ ±  (CH3 COO) 2 CHCH 2 HgOCOCH 3  (1)
(CHo COO) oCHCH‘9 Hg0C0CH-j + RCOOH^CH-.COCk (2)
^ z  ^ 6 /C H C H -H g O C O C H o
RCOO
+ c h 3c o o h
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ch3coo^ H
RCOO
CHCH 2 HgOCOCH3  + H CH3C O d ^
CHCH 2 HgOCOCH 3
(3)
(CH3 C00) 7 CHCH 9 Hg0C0CH- + H v ^ C H , C O O T
' J ^ C H C H 2 HgOCOCH 3
c h 3c o o
(4)
ch 3 g o o ^
H
RCOO
H
CH3COO
CHCH 2 HgOCOCH3  + RCOOH^F*. ,CHCH2 HgOCOCH 3
c h 3c o o
(5)
RCOO
H
/
,CHCH2 HgOCOCH3  v
c h 3c o o
RCOO,
/
CH-COOv.
3 + H
pHCH2HgOCOCH3 (6)
CH-COO
RCOO
/
CHCH 2 HgOCOCH3  -'c RCOOCH=CH2  + Hg(OCOCH 3 ) 2  (7) 
+ H+
(8)
CH 3 COOHgCH2CH (OCOCH3) 2  + CH3COOH •*» Hg (OCOCH3 ) 2  + CH3CH (OCOCH3) 2
The overall reaction scheme involves an acid-catalysed 
replacement of acetic acid by the other carboxylic acid. 
Reaction (1) proceeds very rapidly even in the absence of a 
strong acid. In such a case reaction (2) proceeds very
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slowly to an equilibrium. When small amounts of a strong 
acid are present, reaction (5) takes place very rapidly.
It is necessary to drive the reaction to completion 
by starting with a large excess of vinylating agent - the 
vinyl acetate was, therefore, used also as the solvent for 
the reaction. The most important side-reaction, reaction 
(8 ), is the formation of ethylidene diacetate. This can 
be reduced by running the reaction at a low temperature.
The use of vinyl acetate as the solvent is again 
advantageous because the reaction is then carried out at 
the temperature of the refluxing solvent (72.5°),which is 
not very high. The reaction was carried out under a 
nitrogen atmosphere.
The vinyl laevulinate obtained using this method was 
a colourless liquid, with a distinct ester smell. The infra 
red and NMR spectra were consistent with the expected 
structure of the product. The infra red spectrum shows the 
characteristic vinyl absorptions at 1645 cm \  950 cm ^ and
880 cm ^ compared with typical vibrations at 1650 cm ^ ,
-1 -1 6 6  945 cm and 878 cm . The two carbonyl absorptions
are at 1755 cm ^ (ester) and 1720 cm ^ (ketone).
Several reactions were carried out to polymerise the 
vinyl ester, by bulk and solution methods, using free 
jradical initiators. However, all such attempts proved 
unsuccessful.
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Polymers of 2-Cyc iohexenone and Naturally Occurring
Ketonic Monomers
Generally, and as found in the cases of benzylidene­
acetone and furfurylideneacetone, 1 , 2  disubstituted 
ethylene derivatives will not homopolymerise by free 
radical means. Another such 1,2 disubstituted ethylene 
is 2-cyclohexenone. A homopolymer
2-Cyclohexenone
67 -has been reported in the literature ; it was prepared
using an anionic initiator. 2-Cyclohexenone has been
prepared in the present work and polymerisations attempted.
A free-radical polymerisation attempt proved unsuccessful.
The anionic polymerisation procedure of stirring and gently
heating the 2 -cyclohexenone, in toluene, using the amine
salt of an alkali as a catalyst, proved to be easy to repeat
and a good yield of polymer was obtained.
The investigation of poly(2-cyclohexenone) was hampered
by the difficulty of preparing the monomer in good yield.
Three methods for the preparation of 2-cyclohexenone were
attempted, but no easy route to the product, with a good
yield, was found.
The first method attempted was that of Whitmore and 
6 8Pedlow , this involved the oxidation of cyclohexene, 
using chromic acid. The reaction involves the handling of 
a large volume of reactants: cyclohexene, glacial acetic
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acid, water and chromium trioxide, with only a 9 mall yield 
obtained. The 2-cyclohexenone is finally collected from 
the reaction mixture, after partially neutralising with 
aqueous sodium hydroxide, by ether extraction. This 
addition of sodium hydroxide causes a thick gel to form. 
The ether extraction procedure is very difficult due to 
the emulsifying of the reaction mixture and ether. There 
are two major products from this reaction - 2 -cyclo­
hexenone and adipic acid.
The low yield of 2-cyclohexenone obtained (10%) is the
same as that collected by Whitmore and Pedlow.
The second method employed was the reduction of
693-ethoxy-2-cyclohexenone.
OH
O
o
II
OH O
3-ethoxy-2-cyclohexenone was prepared according to 
Gannon and H o u s e ^ ' ^  by the reaction of ethanol with
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dihydrorescorcinol, using p-toluenesulphonic acid as a 
catalyst.
Aliso the 3-ethoxy-2-cyclohexenone was prepared by a 
replacement reaction of ethyl iodide and the silver salt
Thus, by using these methods, 2-cyclohexenone can be
prepared from dihydrorescorcinol. The yield was reasonable
for each stage but poor overall because of the number of
reaction procedures involved. Samples of 2-cyclohexenone
were prepared by this method, and by that of the oxidation
of cyclohexene, and polymerised successfully.
A procedure finally attempted, which was the least
successful, was an adaption of a reaction pathway published 
74by Kloss , for a more complex case. This procedure, again 
using dihydrorescorcinol as the starting material, involved . 
first the preparation of the hydrochloride of the con­
densation product with piperidine.
0 i?
of dihydrorescorinol 72,73
The hydrochloride is hydrogenated, at atmospheric 
pressure and room temperature, using Adam's catalyst, 
followed by steam distillation to hydrolyse the salt. 
This hydrolysis removed the piperidine and, thus, should 
yield 2 -cyclohexenone.
The hydrochloride of the piperidine derivative was 
prepared without difficulty. The hydrogenation process 
proceeded very slowly and failed to take in the theoretical 
amount of hydrogen required for complete saturation of 
the double bond. Steam distillation and subsequent chloro­
form extraction failed to produce a reasonable yield of 
product.
The original reaction described by Kloss was for the
NH
preparation of l-phenyl-3-cyclohexen-2-one -1—propionic 
acid from 1 -phenyl-2 ,4 cyclohexanedione-1 -(ethyl propionate).
0 0
—  ch 2 ch 2 co2h
0
It may be that the substitution in the hydrorescorcinol
(cyclohexanedione) aids the reaction stages to give the
reasonable yields obtained by Kloss.
There are other methods for 2-cyclohexenone described
in the literature e.g. by the dehydrohalogenation of
75
2 -bromocyclohexanone and by the addition of acrolein , to
ethyl acetoacetatef followed by cyclisation, hydrolysis
7 6and decarboxylation . None of these methods appeared
capable of producing a higher yield of 2 -cyclohexenone.
2-Cyclohexenone was purchased and purified by
distillation. This was subsequently polymerised to give
a good yield of polymer.
6 7Longi used lithium dimethylamine as the catalyst 
for the polymerisation of 2-cyclohexenone. However, soda- 
mide, which is more readily available, is known as an 
initiator for ionic polymerisations. Sodamide was, there­
fore, used and the method of Longi adopted (stirring the 
monomers in toluene at 50° for 24 hours with 5% by weight 
of catalyst). A white solid product was obtained, the 
infra red spectrum of which contained a very strong
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absorption in the carbonyl region at 1710 cm Micro­
analysis of the polymer confirmed an empirical formula 
CgHgO. Longi found his samples of the polymer to have 
molecular weights of 400 to 3,000.
The shape of the cyclohexane ring of the polymer 
units must be considered when proposing the structure 
of the polymer chain. The structure of poly (2-cyclo- 
hexenone) presents the possibility of a very interesting 
secondary structure. To determine a possible secondary 
structure of the polymer it is necessary to have an idea 
of the stereochemistry of the polymerisation mechanism*
The polymerisation will proceed by means of an 
ionic mechanism, the sodamide catalyst acting as an anionic 
initiator
NH 2  nh2 x  _
0     ( > = 0
The carbonyl group, adjacent to the negative charge 
after the initiation step, affords the possibility of 
resonance stabilisation. Resonance stabilisation generally
NH2 __—  NH 2
=  . 0
' O -
aids a polymerisation reaction. It is assumed that the 
amide will react at the 3-carbon of the double bond rather 
than the 2-carbon. This is because of steric reasons and be­
cause one may assume the negativity of the carbonyl to repel
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the negatively charged amide ion.
Propagation reactions will rapidly take place and 
a polymer chain will be built up.
Further propagation reactions and eventually termination 
reactions will then take place in a similar manner to that 
previously described for the anionic polymerisation of 
benzylideneacetone (page 79).
This polymerisation procedure can therefore be seen
to be a nucleophilic addition reaction to an 3
unsaturated carbonyl compound -C=C-C=0. Except under
stringent conditions, nucleophilic reagents add to double
bonds only when they are activated by electron withdrawing
groups. A prominant example of such a nucleophilic addition
reaction to an =, g unsaturated carbonyl compound is the
77 78Michael reaction '
The path of the Michael reaction can be illustrated 
by the alkoxide-catalysed reaction of benzalacetophenone 
with sodiomalonic ester. The anion derived from the active- 
hydrogen donor attacks the relatively positive carbon atom 
of the acceptor system to produce an eholate anion. This 
enolate anion then abstracts a proton from ethanol to give 
the product and regenerate ethoxide ion.
When « and 3 carbons of cyclohexanones are both 
substituted, diastereoisomeric products may result.
Little is known about the steric course of the Michael 
addition. By analogy with a majority of addition reactions, 
one might expect the mechanism to be a trans addition:
1
X* o 0
II X - I I
/ c / C  '  + X  -  c
/ c = c
NS h + h
Examples of both cis and trans products are known as
well as mixtures of both cis and trans products. The
Michael reaction on 2-cyclohexenone itself has been 
75 79reported ' , but as hydrogen is added the stereochemistry
remains unknown.
 H
‘CK-CH
HX /  \ = 0
For a model of the 2-cyclohexenone polymerisation one must 
use the addition of malonic ester to 2 -phenyl- 2 -cyclohexenone
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The compound is the. closest to 2-cyclohexenone itself, 
quoted in the literature5of which the stereochemistry 
of its Michael reaction is known.
be exclusively trans, for the product could be related to
the known trans-2-phenylcyclohexylacetic acid. Thus the
addition, was effectively -cis. This result has.also been
81found by Ginsburg and .Pappo . ... However a similar reaction
on 1-cyclohexene cyanide produced a mixture of cis (72%)
" . 0 2
and trans (28%) product.
Here the reagent has added mainly trans, and one is 
lead to infer a subsequent rearrangement to the trans 
product, and also in the 2 -phenyl-2 -cyclohexenone reaction.
If the Michael reaction proceeds by trans addition of HX
to a cyclohexenone, then the first fragment added is X
and the second H (the addition could be nearly simultaneous):
CH (C0^CoHc)
80Eachmann and Fornfield have found the product to
CN
+ XH
H H
It is apparent that an «-substituted Y appears cis to the
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group X.
If for steric and/or polar reasons the more stable 
isomer is the one with X and Y trans, then there is a 
facile means of achieving isomerisation through the enol 
of the ketone:
Indeed, the anion of the enol is often considered to be an 
intermediate in the Michael reaction, or- a canonical form 
contributing to the resonance of the intermediate.
The exclusive trans product formed from the reaction 
of 2 -phenyl-2 -cyclohexenone would appear to be due to 
steric reasons so that the bulky groups are trans. If the 
polymerisation of 2 -cyclohexenone proceeds by trans 
addition then this will yield a product with the bulky 
groups trans, and no rearrangement would be necessary.
The evidence from the literature cited implies that 
the overall process results in a 1 , 2  trans disubstituted 
cyclohexanone, and it is inferred that poly( 2 -cyclohexenone) 
has this type of structure.
The structure of cyclohexanone is very similar to that 
of cyclohexane. For a 1,2-trans-disubstituted cyclohexane 
ring there are two possible conformations: the two
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substituents may be on equatorial bonds or on axial bonds ; 
for example, 1 ,2 -trans-dimethylcyclohexane:
CH.
CH.
However, an equatorially substituted chain can be 
readily converted into a flexible form and this, in turn, 
can be similarly converted into another chain, in which 
the substituents are now axial. The two isomers are 
known as conformational isomers or conformers. The 
difference in potential energy between these two conformers 
can be easily estimated, qualitatively,from an inspection 
of the models or by considering the Newman formulations.
Let us start by considering methyIcyclohexane, then 
the axial conformer has two interactions of the type present 
in the gauche form of butane.
CH
H:
H
H
CH.
H
H
H
H CH
H
H
gauche butane
7 gauche • - __
The Axial form of methyIcyclohexane 
These two interactions can be represented by the heavy 
lines.
c h 3
No such interactions are present in the equatorial
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isomer, which is in the trans staggered form of butane
ch 3
H
transoid butane Equatorial form of methyl-
cyclohexane
Since the potential-energy difference between the
gauche and transoid forms of butane is about 0.9 kcals/
83mole , then the corresponding potential-energy difference 
for methyIcyclohexane, with its double interaction, will 
be double i.e. 1.8 kcals. In fact, methylcyclohexane 
exist as about 95% in the equatorial form. Similarly 
with trans-disubstituted cyclohexanes the excess potential- 
energy for the gauche form over the transoid will be double 
this value again. The equatorial form of 1,2-disubstituted 
cyclohexane will have one gauche butane type interaction. 
Therefore, the actual potential-energy difference will be 
2.7 kcal/mole, and this can be taken also as a fair 
estimation.for the potential-energy difference in the 
different possible structures for poly( 2 -cyclohexenone).
1 ,2 -trans-dimethyl cyclohexane exists almost entirely in 
the equatorial form (99%).
Trans substituents on equatorial bonds is also a more 
favourable structure than the substituents in the cis
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position, for similar reasons to those explained 
above.
From these examples, and considering the typical 
path for the Michael reaction, one can assume that for 
polymerisation to take place, by the anionic mechanism, 
trans addition on equatorial bonds must be the most 
favoured reaction path. A model of the poly(2-cyclohexenone) 
was constructed assuming this reaction mechanism and the 
polymer was found to have a spiral secondary structure.
(see photograph 1 ).
Assuming the polymerisation does take place by a trans 
mechanism on equatorial bonds then it is possible for each 
unit to add on in a left-handed or right-handed manner.
Photograph 1 is entirely right-handed.(Right-handed is 
defined here as the double bond, or polymer chain, on the 
right with the carbonyl group upper most and facing towards 
the front). Similarly to the right-handed spiral, a left- 
handed spiral may also be formed ? see photograph 2. These 
two structures are mirror-images of each other.
Should the polymerisation mechanism proceed in such a 
way that the 2 -cyclohexenone units enter the polymer chain 
alternately as left-and right-handed then the polymer 
structure would be that shown _in photographs 3 and 4. This 
product would be an overall racemic chain. As can be seen 
from the photographs this alternating equatorial polymer 
does not produce a spiral structure, a flat planar chain is 
obtained. All the carbonyl groups are on the same side of
\Photogtaph. 1 'Right Handed' — Equatorial Poly (2 Cyclohexenone)
Photograph 2 ’Left-Handed' - Equatorial Poly(2-Cyclohexenona)
Photograph 3 Alternating - Equatorial Poly(2-Cyclohexenone)
Photograph 4 Alternating - Equatorial Poly(2-Cyclohexenone)
Photograph 5 Axial Poly (2-Cvclohexenone'
Photograph 6 Alternating 'Left1 and 'Right’ Axial
Poly(2-Cvc1 ohexenone)
Photograph 7 Alternating 'Left1 and ’Right’ Axial
Poly (2-Cyclohexenone)
Photograph 8 Alternating Axial and Equatorial
Poly (2-Cyclohexenone}
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will take place is entirely dependent upon the first 
addition of a 2 -cyclohexenone unit at the beginning 
of the propagation stage of the polymerisation.
Under favourable conditions a stereoregular polymer 
becomes crystalline and gives a regular x-ray diffraction 
pattern. Attempts were made to draw a fibre: the white 
powder was warmed and melted, and a plastic thread was 
obtained by touching with a glass rod and stretching .
This thread, however, was brown in colour and not considered 
suitable for crystallography measurements. A powder photo­
graph of the polymer was run, and this showed evidence of a
small degree of crystallinity, with small particle sizes.*
o o
The photograph shows diffuse haloes at about 2.3A and 5.0A 
which could reflect average predominant spacings in the 
polymer. Models of the polymer having been made up using 
Drieding atomic models (see photograph i)it is possible to 
measure distances directly in Angstroms.
Measurements were carried out upon a model of the 
poly (2 -cyclohexencne).
The helix does not have an integral number of polymer-
units per turn ; however, it repeats approximately after
o o
5 units, which occupy 11.OA. This averages at 2.2A per
o
repeat unit which is very close to the 2.3A measured from
the powder photograph. The powder photograph also contained
o
d-spacings at about 5.0, 5.6 and 6.3A. These spacings need 
not be related to any particular repeat distance in the 
polymer, directly.
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The ease with which the polymerisation of 2-cyclo- 
hexenone.proceeded suggested that it might be possible to 
carry out a similar polymerisation on a .substituted 
2-cyclohexenone. Such a compound, which is also readily 
accessible, iS the natural product carvone.
I
Carvone
^ 0  5-isopropenyl-2-methyl-2-cyclohexenone
Carvone is found in spearmint and caraway oils, as 
optically active forms and as the racemic modification.
As can be seen from its structure above, it is a 2, 5 di­
substituted 2-cyclohexenone. A polymerisation reaction 
was carried out, using the method which had proved successful 
in preparing poly (2-cyclohexenone). The reaction yielded
only a small amount of a grey powder. Carvone has previously
84been dimerised and polymers with a few units obtained.
The infra red spectrum of this product contained a 
strong carbonyl absorption at 1705 cm ^ and another band 
at 1640 cm presumably due to the double bond which did 
not take part in the polymerisation. The rest of the 
spectrum resembles that of poly( 2 -cyclohexenone) except 
that there is a strong band at 890 cirT^ , which is also 
present in the spectrum of carvone itself. The microanalysis 
tesults showed that the carbon: hydrogen ratio was 10:13.2 
compared with an expected 10:14.
The nuclear magnetic resonance proton spectrum of the 
polymer contains a strong peak at 4.8 t . The area under
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this peak in proportion to that in the aliphatic region 
was 1:6, that is 2 hydrogens to 12 hydrogens. In carvone 
the peak due to the hydrogens of =01*2 appear at 4.78 t .
This result is consistent with the polymerisation taking 
place across the double bond of the cyclohexene ring.
This is the expected route as the carbonyl group affords 
resonance stabilisation to the cyclohexene double bond 
while the ^C=CH 2  has no such resonance stabilisation.
This polymerisation method successful on 2-cyclo- 
hexenone was again used to attempt a copolymerisation of 
carvone and 2-cyclohexenone. Equal weights of monomers 
were used and this yielded a white powder (yield 40%).The 
infra red spectrum was the same as that of the poly(2-cyclo- 
hexenone), except that the band at 890 cm""^, present in 
carvone, was also present as a strong absorption in the 
spectrum of the copolymer. This band is not present in the 
poly (2-eyelohexenone) homopolymer.
A measurement of the specific rotation of the copolymer 
was carried out ; for transparency a very dilute solution 
had to be used, the rotation of which, «+ 0.14°, gave 
specific rotation [X]d + 4.09° in tetrahydrofuran. Carvone 
had [=]d -57.6°, also in tetrahydrofuran. This together 
with the infra red result suggests that copolymerisation 
may have taken place,~Jhe product however is mainly 
poly(2-cyclohexenone) with only an occasional carvone unit 
along the chain. Microanalysis of the polymer gave an
empirical formula CgHgO. However, with other copoly- 
merisations infra red has shown a weak carbonyl absorption 
but the microanalysis has given an empirical formula the 
same as that of the major non-ketonic monomer. That is the 
infra red spectrometer is effectively very sensitive. There 
may also be a similar case here ; the polarimeter being 
more sensitive in detecting small amounts of the lesser 
monomer than microanalysis. (Also the analytical differences 
between CgHgO and C]_oHi4 ° are not 9 reat f°r small percentage 
copolymerisations of the latter).
Carvone contains two double bonds and it is possible 
that polymerisation may have taken place via either the 
vinyl unsaturation or the cyclohexene unsaturation. One must 
assume that the mechanism is the same as that for 2 -cyclo- 
hexenone and that the polymerisation has taken place via the 
double bond of the cyclohexene ring. If the mechanism is the 
same as that of 2 -cyclohexenone for the polymerisation, then 
the secondary structure will be a spiral, left-handed or 
right-handed, as in poly (2-cyclohexenone1 itself. Using the 
models for this spiral structure it is possible to explain 
why the 2 -cyclohexenone is in large excess over carvone in 
the copolymer. A carvone unit was introduced into the 
poly (2 -cyclohexenone) spiral structure (photograph 9  n, ,;). It 
can now be clearly seen that steric hindrance will occur 
between the methyl, in the 2 -position of the carvone and 
the oxygen atom of the next polymer unit. This methyl will
Photograph 9 Poly(2-Cyclohexenone) including One Carvone
Unit
Photograph 10 Poly(2-Cyclohexenone)
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have been forced into an axial position for a regular 
spiral to' be formed. This hindrance will make the 
introduction of any carvone units very difficult.
This steric effect will also account for the very 
poor yield of polycarvone obtained by a polymerisation 
under the same conditions. However, as can be clearly 
seen from the model, substitution at the 5-position 
should have no effect on the formation of a regular 
spiral structure.
Copolymers of Ketonic Monomers
All attempts to homopolymerise benzylideneacetone 
using free radical initiators proved unsuccessful. There 
are, however, known examples of benzylideneacetone
copolymerised with more reactive monomers by free radical
85—88 85 86mechanisms. Marvel ' and the Russians Ezrielev
88and Khazanovich have found that benzylideneacetone will
copolymerise with butadiene. Styrene has also been shown
85—87
to be a suitable comonomer. The authors only attempted
to carry out the copolymerisations with small proportions 
of benzylideneacetone in the polymerisation charge.
Styrene was chosen as a suitable comonomer for 
benzylideneacetone because of its similarity to benzylidene­
acetone in structure. Bulk polymerisation using
azoisobutyronitrile proved very successful and co­
polymers of the ketone monomer were obtained.
Styrene Benzylideneacetone
The presence of a band at 1705 cirT^  in the infra red 
spectrum of the products obtained indicated that copoly­
merisation, not just homopolymerisation of the styrene, 
had taken place. This band has shifted from that of the 
monomer, which absorbs at 1690 cm"^.
Increasing the proportion of benzylideneacetone in 
the monomer charge reduced the effective polymerisation 
rate ? the copolymerisation time was increased and lower 
yields were obtained as the proportion of the ketone- 
bearing monomer was increased. Equal weights of styrene
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and benzylideneacetone produced a copolymer containing 
0.4 moles of benzylideneacetone per mole of styrene, 
but with only 50% by weight yield of product. Also the 
molecular weight of the copolymer obtained was reduced 
with the increase in proportion of benzylideneacetone.
This is evident, not only from the table of styrene 
copolymers.(Table E13,page 230) but also from the preparation 
of plastic films for infra red measurements. The copolymers 
prepared from equal weights of monomers, that is those 
containing the highest proportion of benzylideneacetone, 
would not form these plastic films. For these polymers 
the infra red measurements were carried out on nujol 
mulls. The amount of benzylidenacetone introduced into 
the polymer is always less than that in the original poly­
merisation mixture. This suggests that the styrene 
radicals are more inclined to react with further styrene 
molecules than with benzylideneacetone molecules.
Benzylideneacetone acts to a certain extent as an 
inhibitor and the reaction of the benzylideneacetone 
radical on the growing chain will be much slower with 
styrene molecules than that of a styrene radical, and 
the benzylideneacetone radical will not react with a 
further; benzylideneacetone molecule. ' '
When styrene polymerises is does so in a h0&d-to- 
tail fashion. This can be attributed to resonance
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stabilisation
of the radical of the growing chain end during the poly­
merisation. Styrene will always add to a free radical 
in such a manner that the benzene-substituted end carries
R - CH0 - CH
2 i
O
growing free radical is then resonance stabilised.
R - CH- - CH<—>R - CH_ - CH «-»■ R - CH_ - CH <— > R - CH_ - CH
2 I 2 II 2 H 2 II
o - . o
It is this property that makes styrene?very susceptible 
to polymerisation. (The stabilisation energy is, further 
more, not so great as to make the free radical too stable and 
thus not react further to give the polymer chain.) No such 
resonance forms can be drawn for the ending
R - CH — CH~
However for benzylideneacetone it is possible to 
draw a resonance structure involving the carbonyl group, 
as well as the resonance structures involving the aromatic 
ring. It is this resonance stabilisation that makes
the radical. The
- 109 -
methyl vinyl ketone a useful monomer. Therefore the free 
radical polymerisation could take place by either of two 
mechanisms.
Mechanism 2
The actual route for this polymerisation can be deter­
mined by inspecting the nuclear magnetic resonance proton 
spectrum of the copolymer. In the spectrum of polystyrene 
the aromatic protons appear as two broad peaks at 3.4 t 
which represents the two ortho protons and at 2.94 t 
arising from the meta and para hydrogens. When styrene 
units alternate positions with another type of unit, as 
in an alternating copolymer, the ortho hydrogens are not 
preferentially shielded and a single peak is observed for 
all five ring hydrogens. They then appear as a single
broad band at about 2.94 t , as in the spectrum of a styrene/ 
butadiene copolymer.®^
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If copolymerisation takes place by the first mechanism 
described above then the regular pattern of benzene
rings along the polymer chain will be maintained. However,
if the actual route is the second mechanism then this
will split up the benzene rings, forcing them into
irregular positions along the polymer chain. This second
mechanism will cause the aromatic protons of the NMR
spectrum to move closer together tending to one peak.
In fact the spectrum for the copolymer has two distinct
peaks at 2*9 x and 3.4 t indicating that the copolymerisation
has taken place via the first mechanism so that the
copolymer structure is:
-CH0 - CH - CH0 - CH - CH - CH - CH0 - CH - CH0 - CH - CH -
2  I 2  i I i 2  | 2  i i
This is the more likely structure as the second 
mechanism would result in benzene rings being attached to 
adjacent carbon atoms. This would be difficult to achieve
that stop stilbene from polymerising although it will form 
copolymers.
due to steric factors. It 'is these same steric hindrances
CH = CH
stilbene
As well as with styrene, benzylideneacetone was also
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found to copolymerise with several other suitable monomers. 
Maleic anhydride is known to readily copolymerise with 
styrene, and was, therefore, tried as a comonomer for the 
similar benzylideneacetone. The two monomers copoly­
mer ised easily to yield a white powder. The method was a 
bulk polymerisation at 60°, with a free radical initiator.
The microanalysis of the product is consistent with 
that calculated for a 1:1 monomer ratio. This suggests 
an alternating copolymer, which is the expected product as 
maleic anhydride readily forms an alternating copolymer 
with styrene. Also neither monomer can be homopolymerised 
by free radical means. This is an example of an alternating 
copolymer with the benzene rings not preferentially shielded. 
This is evident from the nuclear magnetic resonance proton 
spectrum, which contains just one broad peak due to the 
aromatic protons at 2.7 t .
Free radical polymerisation of furfurylideneacetone 
proved less effective than with benzylideneacetone. As with 
the latter no homopolymers could be prepared, however, 
furfurylideneacetone , despite its similarity in structure 
to benzylideneacetone, also proved resistant to free radical 
copolymerisation. In fact the ketone acted as an inhibitor 
or retarder rather than a monomer in attempted polymer­
isation reactions with various comonomers.
Small quantities of furfurylideneacetone were added 
to styrene and bulk free radical polymerisations attempted. 
However, only a small yield of a pale yellow powder was
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obtained. This is very different from the reaction with 
benzylideneacetone, which in small proportions gave 
good yields of polymer product. Furfurylideneacetone 
retards the homopolymerisation of styrene itself. The 
product when analysed appeared similar to benzylidene- 
acetone/styrene copolymers ; microanalysis shows that 
the copolymer contains approximately the same proportion 
of ketone monomer as benzylideneacetone copolymers pre­
pared from the same monomer charge. The infra red spectra 
are very similar with a carbonyl absorption in the spectrum 
of polystyrene.
It has been noted throughout this work that the infra 
red has been a very sensitive tool in following the intro­
duction of the ketone monomers. Often, in cases where the 
copolymer only contains a small amount of the ketone 
monomer, a carbonyl absorption has been detected in the 
infra red spectrum but microanalysis has given results 
consistent with that of the non-ketonic monomer. This has 
been particularly true in polymers whose spectrum has been 
measured using a plastic film of the product.
As with benzylideneacetone, increasing the proportion 
of furfurylideneacetone in the monomer charge decreased 
the effective copolymerisation rate with styrene. However, 
the retardative effects of the ketone are such that little 
or no yield of copolymer is obtained when furfurylidene­
acetone is present in the monomer charge in quantities 
of greater than 20% by weight.
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Furfurylideneacetone greatly inhibits free radical
polymerisation. Benzylideneacetone does not do this and
reasonable yields of polymers have been obtained. The
difference must, therefore, reside in the furan ring. It
is suggested that the latter becomes substituted by a
free radical process. If a considerable amount of benzoyl-
peroxide is heated in benzene at 70-80° the following
90reaction will occur
PhCOO - OCOPh - 
PhCOO•
2 PhCOO-
Ph-+ CO.
Ph-+ c 6h6 
[ h *)+ PhCOO
+ [h -]
PhCOOH
The reaction is thought of as being localised before the 
species involved have had time to diffuse away. The tran­
sition state for the phenyl radical attack on benzene 
will thus be:-
Ph H
Nc/
*— >
The H- is removed from the transition state by a benzoate 
radical.
In the free radical polymerisation of, for example, 
styrene in an aromatic solvent this substitution is rarely, 
if ever, noticed. The initiation of polymerisation is so 
much more favourable than substitution, that the reaction 
takes the former path.
91The resonance energy of furan, 16 kcal , is much less
91
than that of benzene, 38 kcal . This means that much 
less energy is required to compensate for the whole or 
partial destruction of aromatic resonance in the case of 
free radical substitution in furan, as compared with that 
of benzene.
For furfurylideneacetone further resonance forms make 
the formation of the transition state easier than would be 
supposed for unsubstituted furan.
R
CH=CH 
I
c=o 
I
CH„
\ CH=CH
I
C=0
I
CH->
This structure has the resonance forms: 
R
" , Q -
H
CH=CH
I
c=o
I
CH-,
K / 0 =  c h 1 h 
h c=o
CH-
\ ( ^ } > =  CH~CH=C-CH.
H
CH.
CH-
In this case R« may be an initiator fragment 
'C - CN from '“v*1azoisobutyronitrile or Ph* or PhCOO*
from benzoyl peroxide) or it may be a growing chain.
There are two possible processes leading to inhibition 
of polymerisation:-
1) Another radical may remove H* , thereby, ending the
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substitution process in the furan ring, and also 
'neutralising' another free radical.
2) The chain end having the resonance structures,
^iown above, may be so stabilised as to be unreactive to 
either the styrene or furfurylideneacetone monomers.
Process (2) could assist (1) in that the inert radical 
chain-end may persist until a collision with another 
radical completes the process of substitution. Occasionally 
the end could react with styrene giving the actual small 
yield of copolymer.
It is by a similar process that benzoquinone inhibits 
polymerisation. Quinones are used commercially as inhibitors 
for the storage of monomers.. pn
0* 0 0 o
The resonance stabilisation of this compound is such that 
this radical is relatively stable, and any free radicals 
produced in the monomer are thus effectively deactivated.
The radical (1) above may also react further with a free 
radical and will thus have a second effect as a polymerisation
lib
inhibitor
RO RO
I
ITS + Q*
OQ
The resonance stabilisation energy of benzoquinone
91itself is relatively small, 5 kcal , but that of the
radical addition product is much higher and a large 
number of resonance forms may be drawn. This may also 
be true for furfurylideneacetone and the transition state 
may have a higher stabilisation energy than for 
furfurylideneacetone itself.
An attempted copolymerisation with maleic anhydride, 
using a free radical initiator, resulted in a reasonable 
yield of a brown powder product. The microanalysis 
results agreed with those calculated for a one-to-one 
molecular ratio of maleic anhydride and furfurylideneacetone, 
suggesting that an alternating copolymer had been formed.
This reaction is the only case found in which furfurylidene­
acetone has been polymerised or copolymerised by a free 
radical mechanism. The formation of this polymer tends to 
suggest that the polymerisation reaction may have proceeded 
through a somewhat different mechanism from that of the 
usual free radical addition polymerisations.
For cases of this type, in which certain monomer pairs
exhibit particularly large "alternating" tendencies in
92copolymerisation, Walling and co-workers have suggested
an ion radical transition state. This will involve ion 
radical forms similar to those which contribute to the 
stability of certain molecular compounds. For example, 
they explain the particularly high reactivity of maleic 
anhydride for styrene type radicals in terms of the 
stabilising contribution of structures such as:
r hi
H H
1 I
i
R- C+ 
I
1 1 - 
•c —  C 
1 1
0
i 1
c c
/  \  / w  
0 0 0
Many similar structures may be drawn, differing in the
location of the positive charge, the negative charge,
and the unpaired electron.
The formation of an alternating copolymer seems to
proceed via an initial monomer pair intermediate. A
mechanism for alternating copolymerisation involving the
simultaneous participation of both free monomers and a
charge transfer complex between the comonomers has
139 140recently been proposed. ' Copolymerisations of a
nucleophilic monomer and an electrophilic monomer have
produced alternating copolymers, and a zwitterion (M*-ME
is considered to be an essential key intermediate
141responsible for the alternating propagation.
Alternating copolymerisations therefore appear to 
proceed via an acceptor-donor complex intermediate. Such 
a complex is possible for maleic anhydride and furfuryl­
ideneacetone. Maleic anhydride bears the electron
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withdrawing anhydride group and the furan ring is electron 
releasing, so that the ethylenic portions of the two 
monomers will have small opposite charges.
6 + $ + 
CH = CH
/ c \  n / cx
06- 0 5 - O
-CH=CH—CO-CH
Furan and ®"^urylethylene both undergo the Diels- 
Alder reaction ; furan in the normal way but «-furyl- 
ethylene reacts via a dienopfrile attack on the side-chain.
O\ CH=CH,
0=C
/>
\
0
\ /
CH
CH
I
CH,
0
w
However a-fur^li^rolein fails to undergo addition of
93maleic anhydride . It is suggested that the strongly 
electrophilic groups attached to the $-carbon atoms of 
the side chain of those substances which do not add maleic 
anhydride deactivate the atom and, through conjugation, 
the nucleus to such an extent as to prevent addition. The 
same argument will apply to furfurylideneacetone and no 
Diels-Alder reaction will take place. Therefore the reaction
is a polymerisation as is confirmed by the intrinsic 
viscosity measurements and NMR spectrum.
Vinyl laevulinate has been copolymerised with vinyl
chloride, vinyl acetate, styrene and acrylonitrile
6 2(Leonard and Bordenca ) . They found that inclusion of 
small amounts of the vinyl laevulinate in the poly­
merisation of the monomers produced internally plasticised 
polymers. Only the tensile properties of these polymers 
were studied, and no interest was taken in their chemical 
properties. The copolymerisation reaction of vinyl
laevulinate and vinyl chloride has been studied in detail
94by Marvel and De Perri . They determined the values for 
the reactivity ratios for vinyl laevulinate and vinyl 
chloride in their copolymerisation. The values for the 
reactivity ratios were:
r (vinylchloride) * r (vinyl laevulinate) *
95As well as Leonard and Bordenca, Jenkins has also 
copolymerised vinyl laevulinate with acrylonitrile. 
Copolymerisations of these two monomers, bulk and solution, 
and several copolymers, containing a fair amount of vinyl
laevulinate, were prepared.
Benzylideneacetone will also copolymerise with 
acrylonitrile and copolymers were obtained containing up to 
0.2 moles of benzylideneacetone per mole of acrylonitrile. 
Furfurylideneacetone again exhibits its inhibitor properties 
and no polymer was obtained. The furfurylideneacetone stops 
the homopolymerisation of acrylonitrile.
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2-Cyclohexenone does not copolymerise readily with 
either styrene or acrylonitrile. The polymers formed 
contain only a few units of 2-cyclohexenone, the products 
being mainly the homopolymers. A reaction-mixture 
containing almost equal moles of 2-cyclohexenone and 
styrene produced a copolymer containing less than 0.1 
mole of 2-cyclohexenone per mole of styrene. The 2-cyclo­
hexenone appears to function more as a solvent than as a 
monomer. Although unreactive to free radical copoly­
mer is at ion the compound does not have the inhibition
properties of furfurylideneacetone.
One result which is in a different category from "these 
findings is its copolymerisation with maleic anhydride.
The product was found to contain 2.4 moles of 2-cyclo- 
hexenone per mole of maleic anhydride, calculated from 
the microanalysis figures. 2-Cyclohexenone is polymerised 
easily by anionic initiators ; it could be that the maleic 
anhydride acts some way as an ionic initiator for the >
2-cyclohexenone. The maleic anhydride is then also copoly­
merised with the ketonic monomer but not in a regular 
alternating pattern as is normally found in maleic anhydride 
copolymers.
As well as a copolymerisation reaction with maleic
anhydride a Diels-Alder reaction is also possible. Diels-
Alder reactions of 2-cyclohexenone with butadiene and
9 3substituted butadienes have been reported
However with maleic anhydride this reaction cannot 
take place but a reaction of the type
would not be unexpected. Crystals were present in the
polymer. These were not collected but removed during the
reprecipitation purification procedure.
Carvone also produced crystals as well as a small
yield of a tacky polymer with maleic anhydride. A similar
Diels-Alder reaction may have taken place. (Nerdel and 
96Dahl have found carvone to react with butadiene.)
Carvone copolymerises well with styrene and a much 
higher proportion of the ketonic monomer will enter into 
the polymer than in the case of 2-cyclohexenone. Carvone 
can polymerise either through the vinyl group or the 
cyclohexene ring. No resonance forms exist for the 
a-methylvinyl radical:
0 0
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However, resonance forms do exist for polymerisation 
through the cyclohexene ring as in poly(2-cyclohexenone). 
The NMR spectrum is unable conclusively to distinguish 
these. A broad weak peak is located around 4.8 x in the 
copolymer spectrum. The =CH 2  protons of carvone are at 
4.78 x in the monomer spectrum. As in the case of poly- 
carvone this would suggest that copolymerisation has 
taken place via the cyclohexene unsaturation. However one 
cannot correlate NMR assignments of polymer and monomer 
and be absolutely sure of the results. Carvone appears more 
reactive with styrene than 2-cyclohexenone. It is known 
that the presence of methyl as a second substituent, in 
some cases, enhances polymerisation and this may be the 
case here.
The success of the natural-product carvone in copoly­
merisation suggested that other ketone-bearing natural 
products might participate. Two such natural products that 
were tried are pulegone and $-ionone.
C®3 /CH3 CH c h 3
,C
0  CH=CHo Ic=oL  ch3 ^
c h 3
PULEGONE 8-I0N0NE
2-isopropylidene-5-methyl- 4-(-2,6,6-trimethyl-1-cyclo-
cy clohexanone hexexf-1 -yff - -3 -but en - 2 - one
C10H16° C13H20°
Both have the carbonyl group situated in such a position 
that resonance stabilised radicals can be formed with the
double bonds for a free radical polymerisation.
Pulegone fails to copolymerise with styrene, T h e  
product, a fair yield of polymer, has the same infra red 
spectrum as styrene with no carbonyl absorption. The 
pulegone acts only as a solvent for the polymerisation.
3-Ionone, however, does copolymerise with styrene but 
the product shows only a weak carbonyl absorption in the 
infra red. The polymer is therefore polystyrene, with an 
occasional 3-ionone unit along the polymer chain.
The natural products and 2-cyclohexenone all copoly­
merise with acrylonitrile (see Table E18 page 235)
Generally it was found that a larger proportion of the 
ketonic monomer entered the copolymer than with similar 
styrene copolymerisations. The copolymer with carvone was 
found to be insoluble in all solvents tried.(It also had 
very good adhesive properties.) It is concluded that the 
polymer has crosslinked ; this is not unexpected as carvone
does contain two forms of unsaturation.
Carvone appears generally to polymerise via its cyclo-
hexenone unsaturation and the unusual exhibition of cross- 
linking with acrylonitrile is an example of a polymerisation 
via a double bond which can exhibit no resonance forms for 
the radical in the growing chain. This is unusual as normal 
olefin compounds will not polymerise by simple free-radical 
means. 3"Ionone also contains two degrees of unsaturation 
but shows no sign of crosslinking.
97Pulegone is known to react with maleic anhydride as
follows:
u o/ °+ 2 •o
\ o
However, when reacted with free radicals, as well as this 
product, a copolymer is also obtained. $-Ionone also reacts 
with maleic anhydride to yield a copolymer. Small yields 
of these copolymers were obtained and it appears that they 
are alternating from the microanalyses.
The copolymers of acrylonitrile and maleic anhydride, 
generally, were found to absorb in the region 3400 3000cm ^
in the infra red. This may be attributed to polymeric 
association rather than the presence of any hydroxyl or 
water.
Indene is a 1,2 disubstituted ethylene with a structure 
similar to styrene and benzylideneacetone. In accordance 
with its structure as a 1,2 disubstituted ethylene, it will
not polymerise by free radical means. However a homopolymer 
may be prepared by an ionic polymerisation. Anhydrous 
stannic chloride is known to readily polymerise indene - a 
few drops added to indene at room temperature will yield a 
solid polymer within minutes. Polyindene, usually as a 
random copolymer with coumarone, is used widely in surface 
coatings, printing inks, adhesives, waxed papers and floor
CH = CH
INDENE
tiles.
Because of its similarity to benzylideneacetone, a 
copolymerisation of indene and benzylideneacetone was 
attempted, using stannic chloride as an initiator. A 
white powder was obtained, the infra red spectrum of 
which contained a band at 1710cm ^ indicative of carbonyl 
absorption. Calculations from the microanalysis results 
were consistent with a copolymer that contained 0.1 mole 
of benzylideneacetone per mole of indene. Furfurylidene­
acetone also reacted with indene to yield a copolymer ; 
this product contained less ketonic monomer than the 
benzylidene copolymer but furfurylideneacetone showed 
little of the inhibition properties that it exhibited 
with free radical polymerisations. The catalyst system 
is ionic and such mechanisms have produced furfurylidene­
acetone homopolymers.
Carvone, rather surprisingly was found not to copoly­
merise with indene. The product obtained from an attempted 
copolymerisation was found to be polyindene.
2-Cyclohexenone will copolymerise, which makes the non 
reaction of carvone the more surprising. $-Ionone and 
pulegone both produced copolymers with indene, the infra 
red spectra of which contained carbonyl absorptions.
Benzylideneacetone and furfurylideneacetone have 
shown themselves to be susceptible to ionic polymerisation. 
It was this that suggested the copolymerisation with indene 
using the stannic chloride initiator. However no large
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amounts of any monomer were introduced into the polymer. 
Generally about 0.05 mole of ketonic monomer polymerised 
per mole of indene.
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The Determination of Carbonyl Content in Polymers
The preparation of many copolymers of the ketone- 
bearing monomers and the polymerisations involving con­
densation reactions made it desirable to find a rapid 
method giving reproducible results for the quantitative 
determination of carbonyl content in the polymers prepared.
A method was required that would readily yield the ratio 
of monomers in a copolymer of the carbonyl compounds. The 
literature of the analytical methods for carbonyl compounds 
is extensive, as may be expected from the great reactivity 
of the carbonyl group, although information on carbonyl
determination in polymers is limited.
98Pepe, Kniel and Czuha determined isopropenyl 
ketone in copolymers with butadiene and acrylonitrile, 
using direct ultra-violet absorbance measurements. They did 
this by measuring the absorption maximum of the polymers 
containing methyl isopropenyl ketone, which occurs at 
290 my. This method involved the measurement of absorptivity 
of the homopolymer.
Absorptivity = Absorbance from Instrument
concentration (g/litre)
Thus the preparation of a homopolymer was necessary for
the calculations used later in the determination of ketonic
monomer in the copolymer. However in this work the monomers
involved will not, generally, homopolymerise. Therefore this
method cannot be applied.
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Infra red measurements have also been used for 
quantitative analyses of carbonyl compounds ^ i n  
mixtures of oxygenated hydrocarbons.
Some of the copolymers prepared in the present work 
have been compared with suitable simple model compounds.
For solutions of cyclohexanone and methyl isopropyl 
ketone in chloroform a linear relationship was found 
between absorbance and concentration (Graphs 1 & 2). 
Cyclohexanone and methyl isopropyl ketone were considered 
to be suitable model compounds for poly(2-cyclohexenone) 
and benzylideneacetone and furfurylideneacetone polymers 
respectively.
Using the graphs of the carbonyl absorbance, which is 
one of the strongest and most easily found in the infra red 
region, values for the copolymers were determined. From 
the equivalent concentration the molar proportion of the 
ketonic monomer in the copolymer was determined.
A comparison of the results obtained (see experimental § 37) 
and those obtained from microanalysis calculations is given 
below.
Copolymer Ref. moles of ketonic monomer
per mole of styrene
Infra Red Microanalys is 
Benzylideneacetone/styrene 1/60/2 0.23 0.35
2-cyclohexenone/styrene 1/72 0.011 0.04
Carvone/styrene 1/71/2 0.018 0.03
The results obtained from the infra red measurements 
are in poor agreement with those from microanalysis,although
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they are of the same order. It appears that the homo­
polymers are required for accurate determinations. The 
homopolymer of 2-cyclohexenone has been prepared but its 
copolymers contain only low percentages of ketone and so 
have not been studied in detail. The polymers prepared 
of furfurylideneacetone and benzylideneacetone all appear 
to contain structures derived from condensation reactions, 
which render them unsuitable as standards.
Calculations from the micro analysis of the copolymer 
have proved an accurate method for the determination of 
the monomer ratio in copolymers. The oxygen, often charact­
eristic of the ketone, was only measured by difference, 
which could lead to inaccuracies if impurities of other 
elements are present. The calculations used were as follows:- 
for example a styrene/benzylideneacetone copolymer, 
if the molar ratio in the copolymer is
styrene 1.000 : benzylideneacetone a
% C (from microanalysis) = (1 x 96.088)+ (a x 120.11)x 100
(1 x 104.15) +(146.19 x a)
Similarly % H = (1 x 8.064) + (10.08a) x 100
(1 x 104.15)+ (146.19 x a )
and %0 = (16.00 x a) x 100
(1 x 104.15) + (146.19 x a )
Examples of the use of these calculations can be 
found in the tables in the experimental section.
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Nuclear magnetic resonance spectroscopy may also be 
used as a method of analysis for the monomer ratio in 
polymers. For this analysis it is necessary to be able to 
correctly assign the various peaks in the spectrum to 
their appropriate protons and know the number of hydrogen 
nuclei contributing to that peak or peaks. Once this has 
been achieved, one can calculate the proportion of monomers 
in the copolymer, using the areas under the peaks, which 
are counted by an integrator. The peaks being used for the 
determinations must be isolated from other peaks for an accurate 
determination of the areas to be achieved. In the spectra 
of the polymers there is often much overlapping of the peaks, 
which are generally broad. However in certain cases the 
nuclear magnetic resonance spectrum has been used for a 
quantitative analysis. The results obtained are in reason­
able agreement with those calculated from the polymer micro­
analysis figures.
moles of ketonic monomer 
per mole of styrene 
Copolymer Ref NMR Microanalysis
Poly(vinylacetophenone) 3/38 4.2 6.13
Benzylideneacetone/Styrene 1/60/2 0.39 0.35
Carvone/styrene 1/72 0.14 0.14
Calculations from microanalysis have been used through­
out this work. The results above from NMR are gratifying as 
they confirm the accuracy of the microanalysis calculations.
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REACTIONS OF THE CARBONYL GROUP
Of the many methods of quantitative ketone deter­
mination quoted in the literature a high proportion 
involve chemical reactions of the ketones and analysis 
of their derivatives or by-products from the reaction.
An essential requirement for quantitative determinations 
using chemical methods is that the chemical reaction 
proceeds to 100% conversion of the carbonyl group. In 
the case of polymeric compounds, reactions are often 
hindered, for steric and other reasons. The chances of 
obtaining complete reaction are therefore reduced.
Oximes and Thiosemicarbazone
Several reactions have been used for determination 
of. non-polymeric carbonyl compounds, oximation methods 
have been the most exclusively used. The hydroxylamine 
reaction with the ketone has been favoured as the reaction 
RR'C = 0 + NH20HHC1 RR'C = NOH + H20 + HCl
generally goes to completion. The excess reagent or the 
reaction by-products, water and free acid, can be deter­
mined easily. The liberated hydrochloric acid, from 
hydroxylamine hydrochloride, is usually titrated potentio— 
metrically because the system is often too highly buffered 
to yield sharp pH changes at the end-point.
The oxime derivatives of the polymers have been pre­
pared, generally without too much difficulty, using one of
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the two methods which had proved satisfactory. The first 
of the two methods involved refluxing the polymer and 
hydroxylamine hydrochloride in dioxan with sodium acetate 
and ethanol for two hours. In the second method pyridine 
and ethanol were used, the reaction mixture was refluxed 
for 24 hours. By one or other of these two methods the 
oximes of the majority of the polymers were prepared, 
generally, but not always, to a high conversion.
The success of this reaction led to it being adopted 
as the first step in characterising the ketonic polymers 
prepared. A direct quantitative procedure, involving a 
titration , was not adopted as complete conversion to the 
polyoxime did not always take place ; this could be seen by 
examination of the infra red spectrum, which in some 
instances contains a weak carbonyl absorption indicative 
of unreacted ketone. The introduction of nitrogen into the 
polymer gave a means of direct measurement of the extent 
to which the ketone units had been converted to the oxime.
The reaction was carried out as a qualitative exam­
ination of the reactivity of the carbonyl group in its 
polymeric environment. Infra red measurements on the oxime 
derivative give an idea of the extent of the reaction. As 
well as following the removal of the carbonyl band around 
1700 cm ^ one can also note the introduction of absorptions
due to >C=N- and hydroxyl, which are in the regions
-1 -11690-1630 cm and 3650-3300 cm , respectively.
This reaction of the oxime preparation has proved a
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very useful tool in this work. Once the polymers or 
copolymers have been prepared they were reacted with 
hydroxylamine hydrochloride as a first step. This 
characterises the reactivity of the polymer and the 
nitrogen content, if a high conversion occurs, gives a 
guide to the number of ketone monomer units along the 
polymer chain.
The reactions of carbonyl compounds with such nitrogen
base reagents as hydroxylamine and semicarbazide are well
104 105known to be pH dependent. ' It has been found that
there exists a maximum in the pH-rate curve. This maximum 
has been attributed to the opposing effects of acid 
catalysis and the decrease in the concentration of the 
attacking free nitrogen base due to the conversion to the 
conjugate acid at low pH. The attacking nucleophile 
reagent must be in its basic form, so that it has an 
available free electron pair to attack the carbonyl group. 
The strong electronegativity of oxygen polarises the double 
bond and leaves a partial positive charge on the carbon 
atom, which facilitates nucleophilic attack. An attacking 
nucleophilic reagent approaches the carbonyl group perpen­
dicular to the plane of the carbonyl group and the groups 
attached to it form a bond with the orbital which had 
previously been involved in the tt bond to oxygen. The 
electron pair of this bond settle on oxygen.
N+
C --- 0
4 H A
HA
J e n c k s 'L03' ■1'04 has taken the explanation for the pH
dependence of these reactions a stage further. To account 
for the bell-shaped pH-rate curves he has proposed a 
two-step reaction for the formation of derivatives 
such as the oxime. He proposed an addition stage 
followed by an elimination stage for these reactions.lt 
can then be expected that either of these reaction steps
can be the rate-determining process depending upon the 
experimental conditions.
At neutral pH Jencks found a rapid decrease in the 
absorption due to the carbonyl group in both the infra red 
and ultra violet. This decrease was too fast to measure. 
This indicates that, under these conditions, the formation 
of the carbinolamine intermediate is fast and therefore 
the dehydration of this addition product is slow, as the 
overall reaction is slow. At neutral pH the dehydration 
reaction is the rate determining step. The dehydration 
step proceeds principally by an acid-catalysed pathway, so 
that the rate near neutral pH will be proportional to the 
carbinolamine concentration and the hydrogen ion concent­
ration.
:c=o + h2nr r + ^ C = N R  + H20
2
rate
NHR
In concentrated solutions the reaction is first order, as
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nearly all the carbonyl compound is converted to the
carbinolamine. In dilute solutions or with carbonyl
compounds which do not readily undergo addition reactions,
102such as acetophenone , only a small fraction is 
converted to the addition intermediate and the rate 
becomes second order.
Decreasing the pH from neutral causes a gradual 
increase in the rate. This is because the rate, in the 
acid catalysed dehydration step, is proportional to the 
hydrogen ion concentration. However, as the pH falls 
further, there is a levelling off of the rate, below 
the pKa of the conjugate acid of the nitrogen base. The 
amine becomes protonated and the decrease in the concent­
ration of the free nitrogen base causes a decrease in the 
concentration of the addition compound. However, one 
might expect this to be compensated by the acid catalysed 
dehydration step, which will increase the rate, causing a 
levelled off rate-pH curve. In fact there is a decrease 
in rate with decreasing pH to give a bell shaped curve.
4 6 7 82 53
pH
This decrease in rate Jencks 100 attributed to a 
change in the rate-determining reaction. Such a change 
in the rate-determining step is to be expected, in' 
these reactions, because the decreasing pH causes a 
progressive increase in the dehydration rate. Also the 
rate of attack of the nitrogen base on the carbonyl group 
is decreased as the free nitrogen becomes protonated.This 
two stage reaction scheme explains the maximum in the
pH-rate curve and fits the previous ideas together.
104Jencks carried out further work to support his idea 
of the change of rate-determining step.
The dehydration of. the carbinolamine intermediate 
can also be achieved by a base catalysed reaction. There­
fore, as the pH increases above seven the rate will increase 
again. The base catalysis is much slower than the acid 
catalysis. Slow basic catalysis has been used successfully 
for hindered ketones such as hexamethyl acetone, however 
the reaction may take up to six months. When using hydro- 
xylamine hydrochloride the dehydration will be acid 
catalysed by the hydrochloric acid released from the reagent. 
As the reaction proceeds the total amount of free hydro­
chloric acid in the reaction mixture will increase, as the 
hydroxylamine is used up. This will cause a fall in the pH 
of the reaction mixture and for the reasons previously 
stated a buffer system is preferable to maintain the reaction 
mixture at an optimum pH for oxime formation to take place.
Two sets of reaction conditions were employed for the 
preparation of the polyoximes. The method of Kenyon and
42Waugh was first adopted successfully for the preparation
of poly (vinylacetophenoneoxime). The reaction conditions
involved refluxing the poly ketone in dioxan with
hydroxylamine hydrochloride, anhydrous sodium acetate and
ethanol for two hours. Attempted oxime formation on the
styrene copolymers proved less satisfactory with a low
conversion, therefore, a second method, that of Blanchette 
44and Cotman , was used. This involved refluxing the 
polymer and hydroxylamine hydrochloride in solution in 
pyridine and ethanol for twenty-four hours.
Both these reaction .conditions contain their own 
buffer system to maintain the system at, or near, an 
optimum pH. The sodium acetate will stop the pH from de­
creasing below a certain level by replacing the hydrochloric 
acid released from the hydroxylamine hydrochloride by almost 
undissociated acetic acid.
H+ Cl" + Na+ OOCCH3 Na+Cl” + HOOCCH3
In method two it is the pyridine that neutralises the 
hydrochloric acid to form one ammonium salt as another such 
salt of the hydroxylamine is in effect broken down to the 
free acid and the reacting base.
The first method proved very successful for the 
preparation of poly(vinylacetophenone oxime) . The infra 
* red spectrum showed complete removal of the carbonyl 
absorption. Also absorptions due to >C=N- at 1630 cm ^ and 
-OH at 3600-3300 cm ^ had been introduced into the spectrum.
- 138 -
A comparison of the microanalyses of the polyoxime and 
polyketone also indicated complete conversion. This 
method, however, proved less satisfactory for copolymers 
of the ketonic monomers and styrene as can be seen from 
Table &2X page 242.
As previously discussed, the infra red spectrum was 
often much too sensitive for the microanalysis results. 
Polymers which contained a carbonyl group in the infra 
red failed to show oxygen in its microanalysis. This is 
because the number of ketone groups along the polymer 
chain is so small that the amount of oxygen is within 
the error of the microanalysis. ..In three cases the 
oximes of such polymers were prepared ; they contained 
no measurable nitrogen by microanalysis but the reaction 
can be followed by infra red spectra.
A partial reaction only could be obtained from the 
benzylideneacetone/styrene copolymer. This must be due to 
the difficulty in forming the addition intermediate:
The carbonyl group is surrounded by two benzene rings and 
the polymer backbone. This steric hindrance will restrict 
the formation of this carbinolamine intermediate, despite
-CH 2  ~ rv - ric;T ~ - f’w
!/°H 
I ^ f^NHOH
the relative small size of the hydroxylamine base. The
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carbonyl group in poly (vinylacetophenone) is well away 
from the polymer chain, by comparison, and thus the 
reaction can proceed unhindered. This is also true of 
the vinyl laevulinate/styrene copolymer. The formation 
of the carvone/styrene copolymer oxime is, however, 
restricted although not to the same extent as the benzyl- 
ideneacetone/styrene copolymer. If the structure is:
CH,
i
- CH-j - CH - CH - C - CH., CH
X  / \ Ii f l  \ W °  r ^ S
Y  / — :- - -  K j
c h3 x c h ,
then the carbonyl group is near the polymer backbone but 
not so closely surrounded by benzene rings as is the 
ketone group of benzylideneacetone. However if the polymer 
structure is:
CH,
I
- CH, CH CH, C CH, CH -2 i 2 i 2 I
c h 3
then the ketone group is away from the polymer and one 
would expect complete formation of the oxime. This lends 
further evidence to support the first structure as that 
of the actual polymer.
Poly (2-cyclohexenone) also could not be completely 
reacted. Although the carbonyl is adjacent to the polymer 
backbone the spiral structure affords a more open conform­
ation than would be implied by the conventional formula
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and the polyketone should react fairly freely. But the 
proximity of the carbonyl groups to the backbone seems 
to be the dominant factor.
As described in the experimental part, halide anion 
was detected in specimens of polyoximes. The oxime 
derivative is mildly basic. It is known for polymeric 
compounds, where a very mild base becomes concentrated 
by attachment along the polymeric chain, to collect a 
few ions around the polymer chain. The concentration 
enables the total basicity to increase enough to hold a 
few hydrogen ions and hence the equivalent of chloride 
counterions. #  N-OH
Cl
Cl +
NH-OHHO-N. -OH
N-OH
HO-NH N-OH
Oximes of acrylonitrile copolymers were not helpful
in studying the ketones as polyacrylonitrile itself reacts
with hydroxylamine to give polyacrylamideoxime.^0^
-CH 2 -CH- -CH2  - CH -
I + NH 9 0H -> 1
CN
nh 2  NOH
It has been found that the nitrogen content of the product 
from this reaction is not too different from that of pure 
polyacrylonitrile, this suggests that some hydrolysis of
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amideoxime groups takes place. That some chemical reaction
has taken place on the polymer is evidenced by the fact
that although the polymer remains in solution during the
reaction the precipitated and dried product no longer
will dissolve in dimethylformamide.
The preparation of semicarbazones proceeds through
108the same mechanism as that of oximes . Thiosemicarbazones 
are prepared from thiosemicarbazide just as semicarbazones 
are prepared from semicarbazide. One might, therefore, 
expect to prepare poly(vinylacetophenonethiosemicarbazone) 
without undue difficulty and this has proved to be the case. 
- ch 2  - 9 H - - ch 2  - 9 H -
, + nh 9 -nh-cs-nh9
c = 0
I
CH 3
C = N - NH - CS - NH. 
I
CHo
A reaction carried out in pyridine under reflux for 
24 hours produced a product containing nitrogen and sulphur. 
The infra red spectrum still contained a weak carbonyl 
absorption. This suggests that the thiosemicarbazone has 
been prepared, but there remain some unreacted poly(vinyl- 
acetophenone) units along the polymer chain. Micro analysis 
is consistent with the formula
(C 8 H8 ) (C10H100)1.69 (C11H13N3S)4.44
The oxime derivative, which is formed by the same 
mechanism, showed complete removal of the carbonyl band in
the infra red. The incomplete reaction of the thiosemi- 
carbazide, despite the use of more stringent conditions 
than for the oxime, may be attributed to the larger size 
of the reagent. This bulkier reagent may find the 
polymer chain hinders the formation of the carbinolamine 
intermediate.
This steric hindrance may be greater when the conversion 
has reached a high level and there are already many 
thiosemicarbazone units along the polymer chain.
This hindrance in the thiosemicarbazone reaction 
would be expected to be even more marked in reacting the 
copolymer of benzylideneacetone and styrene. This is 
similar to poly (vinylacetophenone) with the methyl ketone 
sidegroup attached directly to the polymer chain. When the 
copolymer was reacted under identical conditions to poly- 
(vinylacetophenone) no formation of the thiosemicarbazone 
took place. This non-reaction emphasises the change in 
reactivity as the methyl ketone becomes more sheltered by 
the polymer chain.
Because of this hindrance the non-reactivity of the 
benzylideneacetone/styrene copolymer to thiosemicarbazone
-CH--CH-
2 i -CH -CH- 2 I
C/°H 
InHNOH
c h 3
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formation is not unexpected. Oxime formation of this 
copolymer has always been incomplete because of the 
carbonyl group being sheltered or surrounded by phenyl 
groups and the polymer chain. The introduction of the 
bulkier thiosemicarbazide will, therefore, be even more 
difficult.
A motive for the investigation of thiosemicarbazones 
was that they possess the distinctive property of forming 
insoluble compounds of the type
R R'C = N - N = CSM - NH 2
where M = monovalent metal 
with silver, copper or mercury. The precipitation of silver 
compounds has been proposed as an aid to the separation of 
carbonyl compounds from mixtures and, since the silver is 
readily determined, a means thereby provided of arriving 
at the molecular weight of a compound.
Such a silver complex was prepared by adding silver 
nitrate, in dimethylformamide, to a solution of the 
poly(thiosemicarbazone), also in dimethylformamide. A 
yellow precipitate was obtained, which was very light 
sensitive and rapidly changed to black despite efforts 
_to exclude light from the reaction-mixture. The silver 
content was determined by ashing the complex in a crucible 
and weighing the silver directly. The complex was then 
calculated to contain 1 atom of silver per 1.27 thiosemi­
carbazone units. As the polymer is precipitated from
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solution it is possible for some unreacted units to 
remain, the complex-units pulling the whole of the 
polymer chain out of solution.
Use of this polymer may provide a method for the 
collection of waste silver, possibly in the photographic 
industry. A simple column of the polymer was made up and 
very dilute aqueous silver nitrate passed through. On 
testing the effluent no silver was found, showing that 
the polymer will even extract the silver in a heterogeneous 
system. When the silver solution was passed through in 
excess, silver was detected before the polymer became 
black ; this may be due to the inefficiency of the small 
column packing as well as to the polymer not reacting to 
its full potential.
Bromination of Carbonyl Compounds ^09,110
Bromination of the poly(vinylacetophenone) was found
to take place easily by the following method. Bromine in
chloroform was added to the refluxing solution of the
polymer in chloroform. During the addition of the bromine
and while the reaction-mixture was refluxed for a further
hour, the reaction-flask was illuminated by a 500 watt bulb.
IllThis method, which is that used by Bacon for
brominating poly(2-methylbut-l-en-3-one), was much more
42satisfactory than th&t reported by Kenyon and Waugh '
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carried out earlier, in which bromine is added to a 
refluxing solution of poly (vinylacetophenone) in acetic 
acid containing hydrobromic acid, without deliberate 
illumination.
The sequence of reactions in photobromination is 
generally accepted as:
_ hv_
Br^ 2 Br •
Br.+ CH3CO R  .-•> HBr +*CH2COR
Br2  +*CH2.COR •** Br • + BrCH2CO R
and this is considered to apply in the present instance, 
in which R is the -CH0 -CH- group.
However, hydrogen bromide is produced by the photo- 
bromination, and this may lead to the occurrence, as 
reaction progresses, of non-photochemical, acid-catalysed, 
ionic bromination.
The mechanism of the ionic bromination of a ketone is 
by means of an acid catalysed enolisation of the ketone, 
and subsequent electrophilic attack on the enql by bromine. 
The loss of a proton from the intermediate oxonium ion 
leads to the bromoketone e.g. for acetone
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CH -C-CH. CHn-C-CH_ == A  CH =C-CH0
3 II 3 1-3 * 11- *  3 2 I 3
C H 0 H+ OH
Br~
•v 2
Br-CH9-C-CH —   Br-CH^-C-CH-
II II
0 OH
+
For the majority of ketones, which exist largely in the
keto rather than the enolform, enolisation is the rate-
determining step. Thus, the overall rate of halogenation
is independent of the nature or concentration of the halogen,
In a preparation of phenacyl bromide by the bromination
112of acetophenone recorded in the literature , the reaction 
was carried out in ether, with a small amount of aluminium 
chloride catalyst.
a i c i 3
 -- > + HBr
Br2 + C=0 C=0
I I
C K 3  CH2Br;
The formation of the enol requires the presence of both
an acid and a base. In inert solvents the only base present
is the unprotonated ketone. A large excess of a Lewis acid
such as aluminium chloride serves to convert all the ketone
to its conjugate acid and to prevent enolisation. This has
113been noted in a further bromination of acetophenone ,in
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which the main product was m-bromoacetophenone. In this 
reaction the aluminium chloride complexes with the carbonyl
group, thus restricting enolisation.
The aluminium chloride, used as a catalyst in the
Friedel-Craft preparation of poly(vinylacetophenone), was
not always easily removed from the keto-polymer after the
reaction. Because of the complexing problem and the
possibility of nuclear substitution, it was thought wise
not to reintroduce aluminium chloride to the polymer, even
in small quantities.
Baconfs ^ ^  method yielded polymers with greater than
100% monobromination (see Table E4 page 192 ) . This is
ascribed to dibromination of some of the ketone units. Also,
114it has been found that the presence of hydrogen bromide 
causes a dismutation reaction of aj-bromoacetophenone. This 
reaction yields w,ai-dibromoacetophenone and acetophenone. 
Small amounts of this dismutation reaction may take place
2.5 equiv. A1C1
.0=0 0=0
CH3 CH3
HBr +
2
C=0 c=o c=o
CKBr2 CH3
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during the bromination of the polymer, yielding dibromo- 
acetophenone units and making possible an increase in the 
bromine content in the final product, by further mono- 
bromination of the restored acetophenone units.
Substitution Reactions of Poly (yinyiphenacylbromide)
The poly (vinylphenacylbromide) prepared was thought to 
be suitable for replacement reactions of the bromine atom. 
Phenacyl bromide itself is known to readily undergo 
nucleophilic substitution reactions. Several replacement 
reactions were successfully attempted with the poly(vinyl- 
phenacyl bromide). The bromopolymer was dissolved in 
dimethylformamide and this solution stirred, at room 
temperature, with a suitable reagent. This simple method 
worked well for the substitution reactions. In this way it 
was found possible to introduce various new functional 
groups as sidegroups on the main polymer chain (see Table 
page 194).
Sodium and potassium salts of various carboxylic acids 
were the first reagents to be used as nucleophiles for 
substitution reactions. The substituents of the carboxylic 
acids were chosen so that the reaction could be easily 
followed. The second carbonyl group of the ester can be 
identified in the infra red along with any absorptions due 
to the substituent in the original acid, p-flfitrobenzoic
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acid was first chosen, as the reaction could also be 
followed quantitatively, by the replacement of bromine 
with the nitrogen-containing compound. The nitro stretching 
frequencies were also detected in the infra red spectrum 
of the product at 1525 and 1345 cm ^ together with the 
introduction of a second carbonyl absorption from the 
ester group at 1730 cm"*1 .
The salts are rather insoluble in the reaction medium 
but dissolve as the substitution proceeds. A similar sub­
stitution reaction was carried out, under the same 
conditions, on a phenate. Sodium p-nitrophenate was readily 
soluble in the dimethyIformamide and the substitution 
reaction proceeded with a high conversion. Again, nitrogen 
was introduced into the polymer and the nitro frequencies 
were found at 1515 and 1345 cm”’\
The microanalysis results in the Table all give 
empirical formulae in good agreement with that for a polymer 
unit of the substituted p-vinylphenacyl bromide.(One must 
realise that there will still be some unreacted styrene 
units along the polymer chain. Also any residual bromine 
increases the oxygen-percentage as this has been calculated 
by difference).
The salt of p-aminobenzoic acid was also used for a 
substitution reaction ; p-aminobenzoate has the same 
advantages as p-nitrobenzoate in that the reaction can be 
followed by both infra red and elemental analysis. There
are two possible ways one might expect sodium p-amino- 
benzoate to react with poly (vinylphenacyl bromide). The 
substitution reaction as with the nitrobenzoate may take 
place. -CH2-CH-
•c h 2-c h -
0=0
CH2Br
CO2
NH,2
C=0
I
CH0
*CH0-CH“ 
2 I
0
IIc -
0
- NH.
C=0 '
I
gh2
+ 1NH0 —
Br
\
-C02"" Na+
It is also possible that a reaction involving the amino 
group may occur to yield an ammonium salt ; inspection 
shows this to be a zwitterion (together with the ions of 
sodium bromide)•
- CH0 - CH - 2 |
C=0
I
CH0 
I 2 
NH«
o
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In order to investigate these two possibilities, a 
reduction of the poly(vinylphenacyl p-nitrobenzoate) was 
carried out, using tin and hydrochloric acid in dimethyl 
formamide. The infra red spectrum of the product isolated 
was the same as that of the product from the reaction of
-CH9 - CH - 
^ I
i
c=o
c h 2-0-c -
i
0
M
NO.
- CH - CH - 
I 2
0
1
CH-
A - c - -NH.
poly(vinylphenacyl bromide) and sodium p-aminobenzoate. 
This result is consistent with a nucleophilic substitution 
reaction to yield the poly (vinylphenacyl p-aminobenzoat^ .
Again using this method piperidine was reacted with 
poly (vinylphenacyl bromide ). Piperidine can only react to 
give the ammonium salt, which may then go on to lose 
hydrogen bromide
- CH0 - CH -2 i - CHn—  (JH -
-HBr
I
:c=o
i
CH„
NH Br
C=0
I
CH«
The product was found to contain nitrogen but much
bromine was also found to be present. Warming with
aqueous sodium hydroxide, acidifying and testing the
filtrate with silver nitrate showed that some, if not all,
of this bromine is ionic in character. The infra red
spectrum of the product varies little from that of poly-
(vinylbromoacetophenone). There are several changes in
the finger print region and a new band has appeared at
1640 cm which may be due to an N-H bond.
This reaction did not proceed satisfactorily in
dimethylformamide but did,so in chloroform, as used by 
46
Beckerbauer. This indicates that this reaction does not 
take place as readily as the carboxylate substitution 
reaction. This lends more weight to the poly(vinylphenacyl 
p-aminobenzoate) being the product in the previous reaction 
Cinnamate and crotonate derivatives were also prepared 
The infra red spectra of these polymers contained as well
as the second carbonyl absorption, carbon-carbon double
-1 -1bond absorptions, at frequencies 1630 cm and 1660 cm
for the cinnamate and crotonate respectively. This double 
bond as a side group from the polymer chain should be 
reactive to addition. Bromine in chloroform solution was 
added to a solution of the cinnamate polymer to obtain a 
qualitative estimate of the reactivity of the introduced 
group.
Analysis of the brominated product indicated that 
addition had taken place. The infra red still contained a
- 153 -
band at 1630 cm however the relative intensity of 
this ethylene stretch frequency had been greatly reduced, 
indicating a few unreacted groups. The polymer was found 
to contain 19% bromine.
In an attempt to crosslink the polymer a substitution 
reaction was carried out using potassium terephthalate.
The product obtained was found still to contain much 
bromine but was insoluble in the solvents tried. It appears 
that crosslinking had occurred. As the polymer crosslinks 
it will immediately precipitate from solution and the 
insoluble product will then be much less reactive to 
further substitution.
Acetyl acetone, pentane 2,4 dione, the simplest 
g-diketone exists as a mixture of the keto and enol forms.
0 0 0 OH
II II II I
c h 3-c-c h2-c-c h 3 v - - c h 3-c-c.h=c -c h 3
Ketones usually exist preferentially as the keto form 
but acetyl acetone exists as a higher percentage of the 
enol form ; this is because the enol form is stabilised 
by intramolecular hydrogen bonding, giving a six-membered 
ring
I I
- CH3
CH3 CH
Reaction with an ethanolic solution of sodium ethoxide
precipitated a white crystalline salt, the enol form 
being fairly acidic •
CH,-C-C.H=C-CHL
3 ii i 3
0 0”
Na+
which may be represented as
Na+
/  ?/ _ \J\
ch3 I: ;/ CHs
0 0
This sodium salt can be alkylated with alkyl halides of
good S^2 reactivity and C-alkylation generally results.
The reaction with phenacyl bromide is known to give
115diacetyl phenacyl methane . A similar reaction, using
the conditions for substitution previously employed, was 
carried out upon poly (vinyl phenacylbromide) . Diacetyl 
phenacyl methane is at the same time a 1:3 and 1:4 diketone, 
and it gives isoazoles and pyrazoles, as well as furans 
and pyrroles in cyclisation reactions. This must be born 
in mind when considering the chemical properties of the 
polymer.
-CHj-CK- -CH2-CH-
1 I
+ Na acac
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Polyvalent metal, ions often form very stable and 
slightly polar enolate salts with acetylacetone, better 
known as metal chelates. Cupric ion is a particularly 
good chelating agent.
CH„ CH-
1  I
C -  0 o = c
. / \ I/ \
CH Cu CH
\  /. N  //
■CH s 0 0 - C
/ \
CH3 c h 3
Such a copper complex was prepared from the poly (3-p-vinyl­
phenacyl pentan -2,4-dione). The polymer together with 
copper sulphate and a little pyridine were warmed in 
dimethyIformamide solution and a green precipitate was 
obtained. The base was present to aid the enolisation of 
the acetylacetone and the product contained no pyridine
complexed to the copper «
I I I
yCH >C 7 Cv
C. C base C J Z  CuSO, >C / \C
 ^ / v / |   ^  /  V // \
CH3 CH3 CH3 CH3 CH3 \  '{ CH3
\ ^
Cu
The visible reflectance spectrum of the complex was
measured. The spectrum showed a frequency at 14,600cm~^
with a low frequency shoulder. Octahedral copper would
2+give a peak at a much lower frequency, Cu(H20)g gives 
a peak at 12,600cm ^ (shoulder at 9,400cm ^). The shape
of the copper complex appears to be square planar or a 
very distorted octahedral environment. The complex 
cannot be tetrahedral as this would have a frequency at
8,000 cm ^ .
The product precipitated from solution and was 
generally insoluble, the metal therefore appears to cross­
link the polymer chains .
—  C Cu c —<
v  /  \  j
0   ^
The polymer complex contained 10% copper, approximately
one copper atom per 2.2 polymer units. The carbon and
hydrogen microanalysis values corresponded to that of the
original polymer.
A general method for the preparation of azoles is to
condense an «-substituted ketone with an appropriate
reagent. For example monochloroacetone condenses with
116thiourea to give 2-amino-4methyl thiazole
NH- - C - NH- ^=± NH- - C = NH2 2 ^ 2  NH
ch3coch2ci ch3coch2- s -  & - nh2
+ HC1
.NH ’ ^NH..
CH_ - CO - CH- - S - C = = £  CH- - C = CH - S - C. 2
3 2 \  3 I
CH- OH NH
CH- - C - N
I il
CH C - NH2
V/
+ h 20
Such a reaction was carried out upon the poly(vinyl­
phenacyl bromide) using both thiourea and thioacetamide, 
thioacetamide is known to react with monochloroacetone 
to give 2,4 dime thy lthiazole
.S
/
CH- - C Thioacetamide
3 \
NH2
The polymer was magnetically stirred at room tem­
perature with the thiourea or thioacetamide. A poor infra 
red spectrum was obtained from the thiourea product. The 
spectrum showed that the carbonyl group had been removed 
or at least greatly reduced. However the product from the 
reaction with thioacetamide gave a clearer spectrum, in 
which it could be clearly seen that the carbonyl frequency 
had been considerably reduced but not removed. The detection 
of halogen by a sodium fusion indicated that some phenacyl
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bromide units remain unreacted. Therefore it appears that 
for both thiourea and thioacetamide the reaction proceeds 
as expected but that complete conversion of all the polymer 
units does not take place. The "remainder", nominally 
attributed to oxygen, is really due to oxygen and bromine 
which explains the high oxygen values.
where R = NI^ - Thiourea
CH^ Thioacetamide
The success of the bromination of poly(vinylaceto-
\ %
phenone) prompted a similar bromination of a benzylidene- 
acetpne/styrene copolymer. The reaction was carried out 
upon a copolymer with a high proportion of benzylidene- 
acetone units, using the same method as for poly(vinyl-
acetophenone). The product obtained was found to contain
\
26% bromine; this is much more than would be expected for 
monobromination of the methyl ketone units, which was 
calculated to give 15% bromine. A similar bromination of a
a prp^ uci-
carvone/styrene copolymer also producedAcontaining a higher 
than expected bromine content, found : 14%, calculated,
assuming monobromination of the ketone and dibromination 
of the remaining double bond, : 8% bromine. The ratio of 
the found and calculated is approximately the same for 
both polymers, but this is probably fortuitous.
These high values suggest that bromination of the 
styrene units may also be taking place. To confirm this 
polystyrene itself was reacted under identical conditions. 
This experiment resulted in a product containing 17.5% 
bromine.
Electrophilic substitution of benzene by a halogen 
requires an electron acceptor catalyst, and it is very 
unlikely to have taken place here. Bright sunlight can 
induce addition of chlorine or bromine to a benzene ring 
to yield, in the case of bromine, benzenehexabromide.
However substitution of the polymer chain appears to be the 
favoured reaction. Halogenation of alkyl benzenes, in the 
absence of catalysts which provide nuclear substitution, 
occurs in the side-chain preferentially. When chlorinated 
in the presence of light and under reflux toluene gives 
benzyl chloride:
hv
Cl2 2C1 •
c 6h 5c h 3 + ci * c 6h5c h 2*+ HC1
c6h5ch2 * + c i2 c6h5ch2ci + Cl *
McBee et al chlorinated ethyl benzene; the reaction
was illuminated by three 200 watt bulbs, and found phenyl
pentachloroethane to be the main product. Harvey and
co-workers 118 carried out a similar reaction and found
some chlorination of the nucleus as well as the side-chain. 
The chlorination of ethyl benzene first produces a mixture 
of and 8- chloroethyl benzenes . By analogy polystyrene 
would give "CH2 ~ CH ” CHBr “ or “CIi2 ~ CBr ~ CH2 ~
Such a reaction would account for the high bromine values 
in the brominated styrene copolymers. When a methyl ketone 
group is present, bromination at the carbon adjacent to 
carbonyl group would be expected to take place preferentially, 
to other forms of bromine substitution. For the styrene 
copolymers of benzylideneacetone and carvone a large excess 
of bromine was used, and this excess could go on to brominate 
the polymer chain. In the case of poly(vinylacetophenone) 
only a slight excess of bromine was used; also the styrene 
units are relatively few and would be surrounded by the much 
more readily brominated acetophenone units. Therefore one 
would expect very little bromination of the styrene units 
of poly (vinylacetophenone).
A substitution reaction of the brominated benzylidene­
acetone / styrene copolymer was carried out by reacting with 
sodium: p-nitrobenzoate, adopting the same conditions 
employed for poly(vinylphenacyl bromide). The infra red 
spectrum showed that the reaction had taken place as two
carbonyl bands were present at 1730 and 1675 cm The 
spectrum also contained nitro frequencies at 1530 and 
1350 cm \  The band at 1730 cm ^ is in the same position 
as that of the bromopolymer. Therefore the band at 
1675 cm ^ appears to be due to the ester carbonyl, which 
is very low for this type of absorption. The polymer was 
found to contain 0.4% nitrogen and also much bromine. The 
substitution reaction can be carried out with ease despite 
the methyl ketone being much nearer the polymer chain and 
surrounded by benzene rings, which might have hindered the 
reaction.
Oxidation of Poly(vinylacetophenone)
The readiness of poly(vinylacetophenone) to undergo
halogenation is exemplified by its undergoing a haloform
reaction. A fine suspension of the polyketone was refluxed
with aqueous sodium hypochlorite, chloroform was detected
and the polymer dissolved so that a homogeneous aqueous
119alkaline solution was obtained. Merrill , who carried 
out the reaction in dioxan solution, has studied the hypo­
chlorite oxidation of poly(vinylacetophenone) in detail. 
Despite the poly(vinylacetophenone) being originally 
insoluble in the aqueous medium, the polymer was found to 
be readily oxidised. This type of heterogeneous reaction 
would be very slow at first. As the polymer units are 
oxidised then the polymer will gradually become soluble. 
Once the polymer is into solution the remaining unreacted
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ketone groups will be readily oxidised
- CH« - CH - - CH~ - CH -
C = 0 C = O
CH3 d)H
Using the same reaction conditions a similar oxidation 
was attempted upon the benzylideneacetone/styrene copolymer. 
However, the polymer remained insoluble throughout several 
hours of refluxing. The product was isolated and its infra 
red spectrum measured, which confirmed that the starting 
material had been recovered. This is further evidence that 
changing the position of the methyl ketone from the para 
benzene position to direct attachment to the polymer chain 
greatly restricts the reactivity of the ketone group. The 
polymer chain and surrounding benzene rings are too 
constrictive to permit the formation of the required trichloro 
intermediate required for the haloform reaction.
I i h2o ,
C = 0 — > C = 0 C = 0 + HCC1-
I I l 3
CH3 C"C13 o h
The benzylideneacetone/styrene copolymer has repeatedly 
been found to be less reactive to reactions that proceed 
through a bulky intermediate. Even hydroxylamine, a small 
reagent, is less reactive with only partial oxime formation
of the copolymer taking place.
Condensation Reactions
Aldehydes and ketones are known to undergo conden­
sation reactions, in which two or more molecules (identical 
or otherwise) combine with the elimination of a small 
molecule such as water. One example is the aldol conden­
sation ? in the type-reaction acetaldehyde in the presence 
of a suitable catalyst, basic or acidic, undergoes reaction 
to form a syrupy liquid, aldol:
2  ch3cho ch3ch-ch2cho
OH
On heating water is lost and an unsaturated product, 
crotonaldehyde, obtained. Often, especially when acid 
CH3CH - CH2CHO * CH3CH = CHCHO + H20 
OH
catalysts are used, the unsaturated compound is the product 
isolated and not the aldol, acid catalysts readily bringing 
about the dehydration of aldols.
A condensation reaction of poly(vinylacetophenone) 
with benzaldehyde was carried out. Acid conditions were 
used, sulphuric acid in acetic acid being the catalyst. 
Benzaldehyde was used also as the solvent so as to have 
the reagent in excess.
The reaction mixture was kept at 25° in the dark for 
96 hours and the product isolated by precipitation into
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methanol. The infra red spectrum of the pale yellow 
powder obtained contained bands at 1660 cm ^ and 1605 cm ^ 
The former is considered to be the carbonyl absorption, 
shifted now that it is in a different environment, and 
the latter absorption is ascribed to the carbon-carbon 
double bond formed during the reaction. The results of 
analysis of the polymer are consistent with the formula:
(CgKg) <c i o H100)2.30 (C17H140) 3.04
The probable, mechanism for the reaction is 
»+
-CH2-CH-
C -OH
-CH0-CH-2 i
HO-CH
Condensation reactions of poly(vinylacetophenone)
4 3  1 1 9
have been reported fairly extensively in the literature. 
These compounds have been studied by the photographic 
industry as they exhibit light-sensitive properties.120 
Benzaldehyde and cinnamaldehyde have been the most widely
used aldehydes for the condensation reaction.
A similar condensation reaction using a dialdehyde 
may bring about a crosslinking reaction of the poly(vinyl­
acetophenone) . Such crosslinking reactions may have 
industrial usages. Attempts,using both basic and acid 
catalysts, were made to condense poly(vinylacetophenone) 
with glutaraldehyde. However the polymer remained soluble 
in the reaction mixture throughout, and when isolated was 
found to be unreacted poly(vinylacetophenone).
It is known for a polymer bearing ketonic groups to 
undergo an intramolecular condensation reaction, in the 
presence of hydrogen chloride or hydrogen bromide, to give 
a ladder polymer. For example poly (2-methyl but-l-en-3-one) 
is known to so condense when treated with hydrogen 
chloride :
This process is repeated to give a polymer of the
type
CH, CH, CH,| 3 , 3 j 3
-CH,-C-CH,—C-CH,-C-2 | 2 j 2 j
' C C . C ,
S  \  S  \  f  \
CH CH
The product was reported to be deeply coloured, which 
would be expected from the conjugated unsaturation. The 
possibility of crosslinking can be ignored as the polymer 
still remained soluble, although only slightly.
It was considered possible that poly(2-cyclohexenone) 
would react in a similar fashion. This was especially so 
as the reaction would take place to yield a six membered 
ring system as in the case of poly (2-methyl but-l-en-3-one)
Hydrogen chloride gas was bubbled through a stirred 
and refluxing solution of the polymer in dioxan. (The dioxan
was carefully purified as it is known that its peroxide
impurities- react with hydrogen chloride. Dioxan
itself should be stable to hydrogen chloride, 2,3,dichloro-
1,4-dioxan yields not more than one hundred parts per
121million impurities on prolonged heating. )
The polymer solution showed no change after several 
hours. The formation of a conjugated double bond system 
would be obvious by formation of a deep colour. The micro­
analysis of the polymer isolated differed little from that 
of the original poly(2-cyclohexenone). The infra red 
spectrum of the product was also similar to that of the 
original polymer. The spectrum did show a shoulder on the 
carbonyl absorption. This weak absorption at 1610cm ^ could 
be due to carbon-carbon double bond absorptions. This, 
although not conclusive, indicates that a very occasional 
condensation reaction may have taken place along the polymer 
chain.
If one examines the model of the poly(2-cyclohexenone) 
in its spiral structure,then the reason for the failure of the 
polymer to self condense becomes evident. The spiral 
secondary structure arranges the carbonyl groups in such 
a way that the oxygen is well away from the <= -carbon of the 
next ketone (see photograph 10 ). The atoms are situated 
too far apart to make the condensation reaction likely. No 
inter-reaction occurred between the polymer chains as no cross- 
linking was evident.
Poly acrylonitrile tends to discolour when heated ,
and prolonged heating will cause the original white colour
to pass through yellow to red ; this colouration has 
122been found to be due to linking of nitrile groups in 
conjugated carbon nitrogen sequences. The process is also 
initiated by nucleophilic reagents.
H H H
^ CH2 \ (1 /'CH2 ^ I^ CH2\I ^
I I
N N
This reaction has been detected in the preparation of 
some of the acrylonitrile copolymers, since these show 
a >.C=N- absorption in the infra red spectrum at around 
1620 cm ^ .
The presence of a carbonyl group in the poly- 
acrylonitrile chain may induce a self condensation reaction 
with adjacent nitrile groups, under the right conditions. 
The. copolymer of vinyl laevulinate and acrylonitrile was 
refluxed with ethanol and sodium ethoxide. The suspended 
polymer changed colour to orange. Acidification of the 
reaction mixture gave a white precipitate. The infra red 
spectrum of the product was the same as that of the 
original copolymer plus a strong absorption at 1770 cm \
The mechanism one might expect for a self-condensation 
reaction is:
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CH
iN
-CH-
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In sodium ethoxide solution this may remain as such 
or possibly react with a cyanide on the right:
-CH CH-
C
//
NH k
Treatment with dilute hydrochloric acid would give 
a 3-diketone by hydrolysis:
CH. CH,
\ /CH
\/
CH
I
/ /
NH \ Na ^  /  /  
C-CH0 
1 * 
c=o
CH3
0I
,c=o •¥
dil.HCl
\
o
CH0 CH0
/ < / A
CH CH 
C 0
f \  . > 0
ch-ch9 
1 • 
c=o
I
c h 3
The cyanide stretch in the infra red remains, but 
this is expected as the acrylonitrile is in large excess.
The new strong absorption is due to the carbonyl 
introduced by hydrolysis. Microanalysis results indicated 
a reduction in the nitrogen content.
Reduction of poly(vinylacetophenone)
Attempts were made to reduce poly(vinylacetophenone) 
to the corresponding secondary alcohol.
- CH0-£H - - CH0 - CH ~
0
HC - OH 
I
CH3 c h 3
Three different reducing agents were tried for this reaction.
Potassium borohydride is a mild reducing agent ? it 
will generally reduce aldehydes and ketones but not acids 
or esters. eg. KBH4 + 4 CR2 = 0 +\3H20 + 4 CHR^OH + KH2B03 
Use of this reagent failed to reduce the poly(vinylaceto­
phenone) by any noticeable amount, the starting material 
being isolated from the reaction-mixture.
Reduction of ketones may also be achieved by hydride 
transfer using an alkoxide ion corresponding to a primary 
or secondary alcohol. This is expected to be a reversible 
reaction, because the products are another alkoxide and
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another carbonyl compound. Therefore, it is important 
to have a way of. driving the reaction far enough to the 
right to obtain a good yield of the required product.
R H R" R H R"
\  \JZ = 0 + C ^==i C + c = o
/  /\ / \ ■ /
R' R" 0~ R' 0“ R"
Aluminium isopropoxide was used here, the aluminium 
alkoxides are much less polar than alkali metal alkoxides, 
the aluminium-oxygen bonds being almost covalent and 
having little tendency to dissociate to give free alkoxide 
ions.. The use of aluminium isopropoxide also carries with 
it the possibility of shifting the equilibrium to the point 
of practical completion of the reduction by removing the 
acetone, distilling it from the reaction-mixture as it is 
formed.
R V. / R \  \
3 = 0 + A1 [OCH(CH3)2] 3^ l  ^ C H  - OJ A1 + 3(CH3)2C = 0
The mechanism of this Meerwein-Ponndorf-Oppenauer-
Varley reaction probably involves association of the
carbonyl oxygen with aluminium followed by a transfer of
a hydride ion in a cyclic transition state.CH
I 3
R H:C - CH3
>  = 0 + A1 fOCH (CH,) „] , + R' - \
R' 3 2JJ ^  o
''Al [OCH (CH,) 2] 2
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R
I
R 1 - C - H
' 0 A1 [OCH(CH3 ) 2] 2
The reaction with poly (vinylacetophenone) was carried 
out in isopropanol boiling under reflux. The polymer 
product, when isolated, was found to contain 4% ash ? this 
was removed by washing with dilute sulphuric acid.
Poly(vinylacetophenone) and its derivatives seem prone 
to form fairly stable complexes when brought into contact 
with aluminium compounds. This, as stated earlier, is 
noticeable in the poly(vinylacetophenone) preparation.
An infra red spectrum of the product of this reduction 
showed that the carbonyl band (1680cm )^ had been reduced 
in comparison to the band at 1600 cm"1 . Also, a broad 
band 3700 - 3100 cm was present, indicative of the 
hydroxyl group of an alcohol. During the reaction no attempt 
was made to separate the acetone formed in the reaction and 
this may account for only partial reduction of the carbonyl 
group, as indicated by the absorption at 1680cm"1 . The 
product was found to be insoluble in all solvents tried.
Finally, recourse was made to lithium aluminium hydride. 
As with aluminium isopropoxide, the key step is the transfer 
of a hydride ion to the carbonyl carbon of the substance 
being reduced, and the formation of the oxygen aluminium 
bond. The mechanism of the reduction with lithium aluminium
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the aluminium being utilised ,
R2C0
R2CO + A1H4 -»■ R2CH-0A1H3 (R2CH0)2A1H2
r 2c °
-»■ (R2CH0)3A1H
R2C0
(R2CHO) 4A1
.+ R2CH-0-A t -n-rTTB i 4R2CHOH + A12 (SC>4)3 + LiSOLi
An acid wash was again necessary to liberate the 
alcohol, and any excess lithium aluminium hydride is also 
decomposed by water and acid:
in all solvents tried, though the ash content was less than
0.1%. The infra red spectrum of the product showed that the 
carbonyl group had been almost completely removed, and a
of an alcohol.
It appears that in the reactions with aluminium 
isopropoxide and lithium aluminium hydride reduction has 
taken place in varying degrees. However, the product has 
proved insoluble in both cases, making NMR impossible ; 
NMR might have positively identified the alcohol as this 
replaceable hydrogen would be found by a D2<D shake.
This insolubility of the product may be explained if 
we consider the reduction of ketones further.
2LiAlH4 +-4H2S04 Li2SC>4 + A12 (S04)3 + 8H2
The product from this reduction also was insoluble
broad OH absorption was present 3700 - 3100 cm”^ indicative
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Although ketones are reduced catalytically or by 
dissolving metals in alkaline solution mainly to alcohols, 
reduction by metal in neutral or acid solution yields a 
1,2 glycol as the main product. An example of this is the 
preparation of pinacol using magnesium amalgum. Magnesium 
will donate one electron each to two molecules of a ketone 
to yield a bimolecular product. This contains two unpaired 
electrons which can then unite to form a carbon-carbon 
bond and form the magnesium salt of a pinacol:
R 2C = 0 r2c - 0 R 2G " °x R 2C “ 0H
\
: Mg ->■ Mg -*•
\
jy
/ _ . :/
H 
Mg
+
R2C = 0 R2c *“ 0 r 2c " 0 R2C “ OH
Subsequent acidification yields the free pinacol. In this
reaction the initial attack is an oxygen rather than
carbon as in the case of reduction to the alcohol.
This particular reaction with magnesium gives yields
of glycols of about 50%. However, in the reduction reactions
which yield mainly alcohols, 1,2 glycols are also formed in
small yields as secondary products. In poly(vinylacetophenone)
any glycol formation between adjacent chain-molecules will
result in crosslinking, which will be easily noticeable as
insoluble products will be obtained. It appears that this
is the case here and the formation of the occasional glycol
unit results in a crosslinked polymer network.
44Blanchette and Cotman had carried out a similar 
reduction and the alcohol-product was found to be soluble
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in methyl ethyl ketone. However, the molecular weight of 
their original polystyrene was less than 7,000, compared 
to up to 100,000 in the present work. If these cross- 
linking reactions only take place to a very small extent 
then in the lower molecular weight sample many of the 
polymer molecules will escape the crosslinking glycol 
formation.
Reduction of Poly (vinylacetophenoneoxime)
Amines may be prepared by the reduction of a variety 
of types of nitrogen compound. Simple oximes have been 
reduced by hydrogenation or by lithium aluminium hydride 
to the corresponding amine:
R OH R
\ /  r i \C = N L4HJ ^ C H  - NH2
R*
It was thought that such a reaction might be carried out 
upon the poly(vinylacetophenoneoxime) prepared in this 
work.
Reduction was attempted by adding sodium to a 
refluxing solution of the polyoxime in tetrahydrofuran 
and ethanol. The polymer isolated from the reaction-mixture 
was a white powder which was insoluble in dilute hydro­
chloric acid ; its infra red spectrum was unchanged 
from that of poly(vinylacetophenoneoxime), showing that no
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reduction had taken place.
A fiirther reduction was attempted by adding a solution
of the polyoxime in tetrahydrofuran to a stirred suspension
of lithium aluminium hydride ; the reaction-mixture was
then refluxed. After decomposition of excess reagent, the
whole was. precipitated into dilute hydrochloric acid and an
off-white powder collected. (The filtrate was made alkaline
and a further precipitate collected but this was found to
contain 85% ash). The above product was insoluble in aqueous
acid but swelled in glacial acetic acid. A poor infra red
spectrum was obtained but it could be seen that the Z^C=N-
absorption present in the spectrum of the oxime at 1635 cm ^
-1had been removed. The strong absorption 3600-3100 cm due 
to the hydroxyl group of the oxime had been flattened but 
was still, present. This is the region where N - H frequencies 
will also be found.
It appears that lithium aluminium hydride has been 
successful in reducing the oxime to the amine. Had complete 
reduction of the oxime groups occurred then one would have 
expected the polymer, to be soluble in dilute acid. It is 
known that some aromatic oximes, when reduced with lithium 
aluminium hydride, give secondary amines, arising from a 
rearrangement, as side products and sometimes as main
products. The formation of such secondary amine groups should
still leave the polymer soluble in dilute acid.
Ar - C - R Ar - CH - R
| LiAlH4 | + Ar - NH - CH2 - R
N , * NHo
\  2
The Leuckart Reaction
Another process by which an amine group may be intro­
duced into a polymer chain, starting with a ketone, is the 
123Leuckart reaction. The process involves a reductive
alkylation of ammonia, primary or secondary amine by certain
aldehydes and ketones. The reduction is accomplished by
formic acid or a formic acid derivative. The Leuckart
reaction has been successfully carried out upon aceto- 
124phenone to give «=-phenylethy 1 amine. Heating together 
acetophenone and ammonium formate yields the formyl 
derivative of the amine:
+ 2HC02NH4 | + 2H20 + NH3 + C02
I |
C=0 HC-NHCHO
I I
CH3 GHo
This derivative is then hydrolysed using dilute hydrochloric 
acid and the amine liberated by steam distillation with 
sodium hydroxide.
C6H^ NHCHO)CH3 + H2° + HC1 * C6H5CH(NH3C1^CH3 + HG02H 
C6H5CH(NH3C1)CH3 + NaOH C6H5CHNH2CH3 + NaCl + H20
The mechanism of this reaction is similar to the 
formation of oximes and semicarbazones : the base, formed 
by the decomposition of the ammonium salt, reacts with the 
carbonyl compound to give the addition intermediate as in
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oxime and semicarbazone formation.
;c. = 0 + HN
-OH
X N'
This intermediate is then reduced by formic acid to an amine
.OH
"NH,
ICH - NH.
This step of the reaction may proceed through a further 
intermediate. The addition product loses water and it is 
the imine, so formed, that is reduced to the amine.
.OH
"NH,
-h 2o 2H
:c = NH -V ;c h - NH,
Also, it is possible that the ketone may react with formamide, 
formed from the dehydration of ammonium formate, to give a 
formyl derivative addition product. This addition product 
may then go on to react by either of the two mechanisms above.
= 0 + h c o n h 2 -*•
OH
\NHC=0
/
H
0
//
'CHNHC
\
K
+ h 2o
:=nc?
o
The reaction conditions of Ingersoll were used for a
similar reaction on poly(vinylacetophenone). The polymer 
and ammonium formate were heated together to 180°. The 
product was insoluble in dilute aqueous acid but was found 
to contain 2% nitrogen. This reaction procedure was poor 
in that a homogeneous mixture of reactants could not be 
obtained, for although the ammonium formate melted no 
solution was obtained. The reaction was, therefore, repeated 
in a refluxing m-cresol solution. A product containing 
2.5% nitrogen was obtained. This product was insoluble in 
dilute hydrochloric acid.
As the reaction follows the mechanism of the oxime 
derivative one might expect it to proceed without difficulty. 
The conversion to the amine is low and the polymer is 
insoluble in dilute acid. This may be explained by the 
intermediate being bulkier than the oxime intermediate, but
Intermediate for 
Leuckart Reaction
it is not as large as that for thiosemicarbazide formation 
which does proceed to a fair degree of conversion.
Methyl-substituted acetophenones react as readily as 
acetophenone itself ? however, higher alkyl substitution 
lowers the yield by up to 25%. It may be that this effect 
of the polymer chain is operating as well as the steric 
presence in limiting the extent of conversion. In reactions
OH
rr ± 8 0  -
of polymers a low conversion results in a copolymer of 
starting-material polymer units and relatively few product 
polymer units, here amino-units. These are too few to 
bring the product into solution in aqueous mineral acid.
The Mannich Reaction
The active hydrogen of poly(vinylacetophenone) in its
halogenation has proved very susceptible to replacement.
Therefore, another replacement reaction, which requires
125such an active hydrogen, the Mannich Reaction , was 
attempted.
This reaction was attempted on poly(vinylacetophenone)
126by applying the conditions, used by Mannich himself for 
acetophenone. The polymer, piperidine, paraformaldehyde, 
hydrochloric acid and ethanol in solution in pyridine were 
heated under reflux for three hours. The polymer was 
collected by precipitation into methanol.
CH0 CH,
CH0 CH0
<  /
CH«
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Sodium fusion showed the product to contain nitrogen 
but no halogen and the microanalyses were consistent with
the formula (CgHg) (C]_oHlo0  ^2 6 C^16H21N0^1 4* T^e -^n^ra
red spectrum was similar to that of poly(vinylacetophenone).
The carbonyl absorption has become a doublet, presumably
due to the ketone and the carbonyl attached to the Mannich
base. Also, there are changes in the region 1220 - 1020 cm
where the O N  stretching vibrations of tertiary amines
absorb.
127
Isonitrosation Reaction
The replacement of hydrogen atoms with the formation
of an isonitroso or oximino -derivative is termed the 
isonitrosation reaction. This replacement requires the 
presence of electron attracting groups adjacent to the 
carbon to be nitrosated, thus one will expect methyls 
adjacent to a carbonyl group to act in such a manner. The 
ketone will be converted into the ^-oximino ketone . For 
poly(vinylacetophenone) the reaction would be 
-CH0 - CH -
6
I Ic=o c=o
h c=n o h
This isonitrosation reaction was attempted by passing 
methyl nitrite and hydrogen chloride gas through a refluxing
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solution of poly(vinylacetophenone) in tetrahydrofuran 
for several hours. The solution slowly became viscous and 
set to a thick gel. After evaporating off the solvent, 
the solid product was found to be insoluble in the organic 
solvents tried.
The product was found to contain nitrogen and chlorine. 
The infra red spectrum was poor but showed a reduction in 
the carbonyl band at 1680 cm ^ and a new absorption at 
1710 cm It appears that some formation of the isonitroso 
group has taken place. Acetophenone is known to give low 
yields for the oximino derivative. As well as the few units 
converted to the oxime some crosslinking has taken place.
It is possible that the hydrogen chloride may have 
caused a condensation reaction with the formation of cross- 
linking or a ladder type polymer. The mechanism for this 
reaction would be the same as that described for 
poly(2-methylbut-l-en-3-one) (page 165). To determine if 
this was the case the reaction was repeated without methyl 
nitrite and again a gel was formed. This confirms that it 
is the hydrogen chloride gas which causes the gel formation.
As the reaction was carried out in tetrahydrofuran the 
fact that this solvent will polymerise cannot be ignored. 
Initiation of tetrahydrofuran polymerisation requires the
ion from the hydrogen chloride may have initiated this
formation of the tertiary oxonium ion
of a hydrogen
R0CHoCH~CHoCH~Q+
polymerisation and such a polymer formation would explain 
the increase in viscosity of the reaction mixture. This 
linear polymer would not, however, exhibit the insoluble 
properties of the product obtained.
EXPERIMENTAL
1. Polystyrene
a ) Purification of Styrene
The styrene commercially supplied contains a phenolic 
inhibitor. This was removed by shaking the styrene (300ml.) 
with three successive portions of 2N sodium, hydroxide (lOOmL) 
followed by three similar washings with water (lOOmL) .The 
styrene was dried over calcium chloride in a refrigerator 
over-night, and finally distilled under reduced pressure 
with a current of nitrogen ? the material boiling over a 
2° range was collected. The purified styrene, if not used 
immediately, was stored in a refrigerator and tested by 
adding a drop of the sample to methanol before use. Any 
precipitation indicated that styrene had started to poly­
merise.
b) Polymerisation of Styrene
In a dry conical flask were placed benzoyl peroxide 
(0.40g.), which had been dried in a desiccator over-night, 
and xylene (240ml.), purified by distillation. The benzoyl 
peroxide was dissolved in the xylene with shaking and 
styrene (80ml.) added. A slow stream of nitrogen was bubbled 
through the solution for a few minutes, the flask was corked 
and placed in an oven at 80° for 24 hours. The resultant 
solution was then added dropwise to vigorously, mechanically
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stirred methanol (2.4 litres) and the precipitated poly­
styrene collected on a sinterglass filter. The product 
was washed by twice suspending in methanol, filtering 
and drying in a desiccator over calcium chloride and 
paraffin wax.
Polystyrene prepared in this way was used for the 
preparation of poly(vinylacetophenone). Also used was 
polystyrene from BDH. A sample of polystyrene was also 
prepared using «, azoisobutyronitrile initiator. The poly­
merisation was carried out in bulk by weighing the initiator 
(0.15g#) and styrene (20g«) into a conical flask. Nitrogen 
was bubbled through the reaction mixture,the flask corked and 
placed in an oven at 80° for four hours. After this time 
the contents had become a glassy solid, this was dissolved 
in toluene, filtered and precipitated into methanol. The 
polystyrene was collected, washed in methanol, filtered 
and dried.
The properties of the samples of polystyrene prepared 
are summarised in Table El.
The infra red spectrum of the polystyrene was the same
as that of the plastic film supplied as a standard for the
infra-red by Perkin-Elmer. >
1-52. The Preparation of Poly(vinylacetophenone)_____
Into a litre round-bottomed flask, fitted with a 
stirrer, condenser and dropping funnel, were placed 
anhydrous aluminium chloride (42.0g., 0.25 mole + 25%),
acetyl chloride (22.0ml., 0.25 mole + 25%) and carbon 
disulphide (250ml.). The acetyl chloride and carbon 
disulphide were purified by distillation, the fractions 
boiling 50-52° and 4 6 °, respectively, being collected.
The apparatus was dried in an oven before use.
The mixture was stirred and to it was slowly added 
a solution of polystyrene (26.Og., 0.25 mole) in carbon 
disulphide (250ml.). The addition took about one hour. 
After all the polystyrene had been added heat was applied 
and the reaction mixture refluxed for a further hour. By 
this time the hydrogen chloride gas emitted during the 
the polystyrene addition could not be further detected at 
the top of the condenser. The mixture was then allowed to 
cool and a brown gel separated out from a suspension in 
the carbon disulphide. This gel was filtered off using a 
coarse filter and collected as a brown powder, which on 
air-drying gave a yellow powder.
This crude poly(vinylacetophenone) was ground with 
water to remove any aluminium chloride still present.This 
was followed by washing the product with dilute sulphuric 
acid and then with water until the washings were not acid 
to Congo Red paper. The polymer was then collected by 
filtration and dried. The polyketone was finally purified 
by dissolving in acetone (purified by distilling b.p.55-5 
filtering and precipitating into distilled water. The 
product was finally dried over calcium chloride to yield a 
white powder.
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In some preparations it was found that a large weight 
of the product was insoluble in acetone. This is believed 
to be due to complexing of the alumina with the ketone.
The sulphuric acid wash reduced the amount of this complex.
This procedure was followed when using the BDH poly­
styrene. However, considerable shaking was necessary to 
dissolve the polystyrene in the carbon disulphide.
The infra red spectrum of a poly(vinylacetophenone) 
sample has a very strong carbonyl band at 168Ocm”^ and the 
spectrum has changed greatly from that of polystyrene. All 
samples prepared gave similar spectra.
A summary of the reaction scale employed together with 
yields and properties of products can be found in Tables 
E2 and E3.
42 46 1113. Bromination of Poly(vinylacetophenone) ' 7
To a stirred solution of poly (vinylacetophenone) (9.0g.) 
in chloroform (70ml.), heated to reflux temperature, was 
added dropwise a solution of bromine (3.15ml.) in chloro­
form (15 ml.), the reaction mixture became a cloudy orange 
colour. The mixture was refluxed for one hour, during 
which time and during the bromine addition the reaction 
flask was illuminated by a 500 watt bulb. Whilst the bromine 
solution was being added, and after, hydrogen bromide was 
emitted from the condenser. After cooling, the reaction
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mixture was precipitated into vigorously stirred methanol.
The bromopolymer was purified by dissolving in a 1:1 
dioxan/acetone mixture, filtering and precipitating into 
methanol. The product, an off-white powder was collected.
Yield 11.7g.
The bromination of poly(vinylacetophenone) was also
42attempted using the method of Kenyon and Waugh.
Poly (vinylacetophenone) (1.8Og.) was stirred with glacial 
acetic acid (40ml.), 47% aqueous hydrogen bromide solution 
(5.0ml.) and. bromine (0.63ml.). The temperature was 
maintained at 15° using a cold water bath. After about 
1  hour the clear solution had become cloudy and shortly a 
clump formed around the stirrer ; the reaction was then 
stopped. The clump was shredded, water-washed and dried in 
a desiccator.
These two preparations and further brominations of 
poly (vinylacetophenone) are compared in Table E4.
The infra red spectrum of the bromopolymer had several 
changes in the finger-print region from that of poly(vinyl­
acetophenone) . The carbonyl band had become a doublet 
(1.695 cm ^ and 1680 cm )^ .
4. Substitution Reactions of Poly(vinylphenacylbromide)
Sodium and potassium salts of carboxylic acids and 
phenols will replace the bromine of poly(vinylphenacylbromide) 
to give an ester.
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Solutions of the alkali salts of the acids were 
prepared by titrating an aqueous solution/suspension 
of the acid with N sodium hydroxide solution. 
Phenolphthalein was used as the indicator. For the phenol 
the salt solution was prepared by adding a precise volume 
of N sodium hydroxide solution from a burette to a 
solution containing a weighed amount of the phenol. The 
resulting solutions were evaporated to dryness to yield 
the solid salt.
To a solution of the bromopolymer (l.Og.) in 
dimethylformamide (1 0 ml. ) was added an equivalent amount 
of the potassium salts plus 25% excess calculated on the 
bromine content of the polymer. The salt often remained 
insoluble. The mixture was then stirred magnetically at 
room temperature for six hours and the salt, if insoluble, 
would gradually dissolve. The reaction mixture was then 
precipitated into vigorously stirred water, the polymers 
filtered off, water-washed and dried. The filtrate from 
the precipitation showed the presence of bromine when 
tested with silver nitrate. Sodium-fusion tests showed 
bromine to be absent from the product and nitrogen was 
found to be present, in the appropriate reactions.
In some cases the resulting polymer was a gel which 
would not easily mull for infra red examination. In these 
cases it was found preferable to use a suspension of the 
bromopolymer in chloroform , to dimethylformamide solution.
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The most suitable solvent for the substitutions is 
included in Table.E5. This procedure was also, used for 
the reactions of piperidine, thiourea and thioacetamide 
with poly (vinylphenacylbromide).
a) The Preparation of Sodio-acetylacetone
The sodium salt of acetylacetone was prepared by a 
different procedure to that of the other salts. Sodium 
(l.Og.) was carefully dissolved in absolute ethanol (20ml.).
To this sodium ethoxide solution was added acetylacetone 
(5.5ml.) and the mixture stirred. The sodio-acetylacetone 
precipitated as a yellow crystalline product. This was 
collected by filtration and washed with ether to yield a 
white crystalline product. This was then reacted with the 
bromopolymer in the normal way.
k ) The Preparation of Poly (3-p vinylphenacyl pentan-2,4 dione) 
Copper Complex.
To a solution of poly(3-p-vinylphenacy1-2,4-dione)
(0.58g.) in dimethyiformamide was added pyridine (0.20g.).
To this orange mixture was now added a solution of copper 
sulphate pentahydrate (0.63g.) in dimethylformamide (10 ml.). 
This mixture was further magnetically stirred for one hour 
with no obvious change. The reaction mixture was therefore 
heated but before refluxing had started a heavy green 
precipitate formed. This was collected by filtration, washed 
with water and dried to yield a pale green powder. EDTA
titration showed the complex to contain 10.5% copper and 
a visible reflectance spectrum confirmed that the copper 
was complexed with the polymer. The spectrum contained a 
frequency at 14,600 cm”*1' with a low frequency shoulder 
(11,800 cm”1).,
"I r \ (zq
Analysis 61.14% C 5.36% H %CuXO* 33
128c) The Diazo Reaction of Poly(vinylphenacyl p-aminobenzoate)
Poly(vinylphenacyl p-aminobenzoate) (0.20g.) was ground 
with water (0.5ml.) and to this was added sodium nitrite 
(0.20g.) and the mixture ground again. This slurry was then 
added to a magnetically stirred mixture of conc. hydro­
chloric acid (1.0ml.) and ice. This mixture was stirred for 
ten minutes and then added dropwise to a solution of 
8 -naphthol in 2N sodium hydroxide. A red colour formed 
which quickly darkened ; however, there was no heavy pre­
cipitate such as is usually obtained from diazonium 8 -naphthol 
dyes. Filtering the product yielded a dark red residue and 
a clear red filtrate. This colour formation did not take 
place on a blank run. The experiment was repeated in 
dimethylformamide solution with the same result.
Some of the original diazonium solution from the dmf 
run was kept, and a precipitate formed, this being thought 
to be the phenolic product of diazonium decomposition, as 
suggested by its infra red spectrum. The spectrum showed
one broad band 3,200 3,500 cm ^ in place of the three
separate bands 3,220,3,370 and 3,460 cm ^ in the amine 
spectrum. A sodium fusion test showed this product still 
to contain nitrogen.
129d) The Reduction of poly(vinylphenacyl p-nitrobenzoate)
Poly (vinylphenacyl p-nitrobenzoate) (0.50g.) was 
dissolved in dimethylformamide (30ml.) by magnetic stirring, 
to the clear solution was added granulated tin (l.Og.) and 
a condenser was fitted to the conical flask. Concentrated 
hydrochloric acid (1 0 ml.) was added slowly, in portions, 
down the condenser and the magnetically stirred mixture 
heated. The-reaction mixture was refluxed for an hour and 
left to cool, the polymer came out of solution. The mixture 
was added to mechanically stirred distilled water and the 
yellow precipitate collected, washed and dried. However, 
it was not possible to dissolve the polymer for purification.
The infra red spectrum was very similar to that of the 
poly (vinylphenacyl p-aminobenzoate) prepared by a sub­
stitution reaction. The NC> 2 bands at 1350 cm ^ and 1525 cm ^ 
had been removed.
e) Bromination of Poly (vinylphenacylcinnamate)
Poly (vinylphenacylcinnamate) (0.50g.) was dissolved 
in dimethylformamide (20ml.) and magnetically stirred. To 
this solution was then added a solution of bromine in
chloroform, in portions every few minutes until they
were not decolourised. The end point was not easy to
detect as the polymer solution was an orange colour any­
way. The solution was precipitated into methanol, washed 
and dried.
The product was found to contain 19% bromine and 
the infra red spectrum showed a large reduction in the 
relative intensity of the ethylene stretch frequency at 
1630 cm”^, as well as changes in the finger print region.
425. The Preparation of Poly(vinylacetophenoneoxime)
Poly (vinylacetophenone) (6.0g.) was dissolved in 
dioxan(12Gml.). To this magnetically stirred solution 
was slowly added absolute ethanol (36ml.) so that no 
precipitation took place. Sodium acetate (6.9g.) and 
hydroxylamine hydrochloride (4.9g.) were finally added, 
the flask fitted with a condenser and heated to reflux 
temperature. The reaction mixture was refluxed for two 
hours, when it had become cloudy yellow. After cooling 
the viscous liquid was added to vigorously stirred distilled 
water and the precipitate collected, washed and dried. The 
product was purified by dissolving in acetone, filtering
and reprecipitating into distilled water. The product was 
collected, washed and dried to yield a fluffy white
powder. A sodium-fusion test showed nitrogen to be present.
The infra red spectra of all batches were similar, 
with the carbonyl band removed. A broad OH absorption is 
present 3200 *>3400 cm  ^and C=N at 1635 cm
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6 . The Reduction of Poly (vinylacetophenone oxime)
. Attempts were carried out, by two different methods, 
to reduce the oxime to an amine.
a) Using Nascent Hydrogen
The first method employed nascent hydrogen. To a
\
refluxing solution of the poly (vinylacetophenoneoxime)
(1.61g. 0.01M.) in tetrahydrofuran (20ml.) and absolute 
ethanol (15ml.) was added sodium (2.76g.). The sodium was 
added very slowly as lengths of wire down the condenser.
A clump formed in the reaction mixture. The reaction, 
mixture was refluxed for a further hour after the addition 
of the sodium. After this time the reaction mixture was 
cooled and added slowly to vigorously stirred distilled 
water and a fine white powder, insoluble in dilute hydro­
chloric acid was obtained.
The infra red spectrum was unchanged from that of 
poly (vinylacetophenoneoxime).
b) Using Lithium Aluminium Hydride
A solution of the polyoxime (2.0g.) in tetrahydro­
furan (2 0 ml.) was added in small portions down a condenser 
into a magnetically stirred suspension of lithium aluminium 
hydride (2.0g.) in tetrahydrofuran (20ml.). The solution was 
added in 2 ml. portions and as each one was added the reaction 
mixture gelled and formed a crust, however this was broken 
up by the magnetic follower and gentle shaking of the flask.
After the addition of the polymer was complete the reaction 
mixture was heated and refluxed for 1% hours. After cooling, 
absolute ethanol was carefully added to neutralise the 
catalyst, and the mixture poured into distilled water.
Dilute hydrochloric acid was added and the mixture filtered.
An off-white powder was collected. The grey filtrate was 
made alkaline with 2 N sodium hydroxide and a precipitate 
collected. This precipitate was found to contain 85% ash, 
that is lithium and aluminium residues.
The off-white powder swelled in acetic acid. The infra 
red spectrum of this product was poor but the C=N band at 
1635 cm"'1' had been removed. There was still an absorption 
in the region 3600-3100 cm~^ , this was flattened compared 
with the strong OH band of the oxime.
1307. The Preparation of Poly(vinylacetophenonethiosemicarbazon^
Poly(vinylacetophenone) (4.5g.) was dissolved in 
pyridine (120ml.). To this magnetically stirred solution 
was added a suspension of thiosemfcarbazide (4.0g.) in a 
water (30ml.)/ethanol (10ml.) mixture. At first the polymer 
precipitated but continuous stirring redissolved it and a 
clear brown solution was formed. The reaction mixture was 
then heated so that it was refluxed with stirring for 24 
hours. After cooling the reaction mixture was precipitated 
into methanol. The precipitate was collected and washed in 
hot water, filtered off and dried. The polymer was purified
by reprecipitation from dimethylformamide into methanol.
A sodium fusion test showed nitrogen and sulphur to 
be present in the product. The infra red spectrum showed 
N-H stretch 3500-3100 cm ^ ; the carbonyl band was greatly 
reduced but not removed.
< C 8  V  <C 10H1 0 ° ^ 6(9C11H13N3S) 4 . 4 4
% C % H %N
requires 66.81 6.28 14.11
found 66.63 6.08 13.81
66.75 6.15 14.03
8 . Silver Derivative of Poly(vinylacetophenonethiosemicarbazone)
A solution of the poly (thiosemicarbazone) (0.5g.) in 
dimethylformamide (25ml.) was added slowly to a stirred 
solution of silver nitrate (0.32g.l equiv.H- 2 0 %) in 
dimethylformamide (25ml.). As the addition proceeded these 
formed a yellow precipitate which rapidly changed to brown, 
this precipitate stopped the stirrer and a further 25ml.of 
solvent were added. After the addition the solution was 
filtered excluding light, even so the product, being very 
light-sensitive, became black. The polymer was washed with 
methanol and watenr and-dried in a desiccator.
By ashing the complex the amount of silver was deter­
mined directly, the silver globules remaining in the 
crucible ; 2 1 .1 % silver was found, this is equivalent to
- A U4 -
1 silver atom per 1.27 thiosemicarbazone units.
A purely qualitative experiment was set up to gauge
the affinity of this poly(thiosemicarbazide) for silver.
A column of the polymer (c. 5cm. long) was loosely
packed into a glass tube (1 cm. in diameter) fitted with
a sintered disc. Water was added to the tube so that the
air was removed and the polymer formed a slurry. A head
of liquid was maintained above the level of the 
C&r
poly(thiosemibazone). A dilute solution of silver nitrate 
in water was poured into the tube and passed through the 
polymer packing. The effluent liquid dropped into a dilute 
solution of hydrochloric acid. Almost 100ml. of the 
aqueous silver nitrate solution was passed through the 
column before a faint cloudiness appeared in the hydro­
chloric acid solution. The polymer did not darken as had 
been the case when reacted with silver nitrate in dmf 
solution.
9. The Condensation of Poly(vinylacetophenone) with 
Benzaldehyde
Benzaldehyde was purified by washing first with sodium 
carbonate solution, then water, and drying over anhydrous 
sodium sulphate. Finally, the benzaldehyde was distilled 
in nitrogen under reduced pressure, the fraction boiling 
at a constant temperature being collected.
Poly (vinylacetophenone) (5 .0g.) was dissolved in the 
purified benzaldehyde (1 0 0 .g) and to this added a 1 0 % w:w
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solution (5.0g.) of sulphuric acid in glacial acetic 
acid. The pale yellow solution darkened on this addition. 
The conical flask was corked and wrapped in tin foil to
After this time the solution had become orange-brown ? 
sodium acetate (l.Og.) was added to the solution to 
neutralise the acid catalyst. The resulting solution was 
filtered and precipitated into methanol. This pale yellow 
precipitate was collected and purified by dissolving in 
methyl ethyl ketone, filtering and precipitating into 
methanol. After drying, a pale yellow powder was obtained ; 
yield 6 .0 g.
The carbonyl band in the infra red spectrum had 
shifted to 1660 cm”^ and a strong C=C absorption was 
present at 1605 cm ^ .
10. The Reduction of Poly(vinylacetophenone)
Three different reducing agents were used in attempts 
to reduce the polyketone to an alcohol,
a) Potassium borohydride
To a solution of the polymer (4.9g.) in dimethyl 
formamide (2 0 ml.) was added, in portions, potassium
exclude light ; the flask was kept at 25° for 96 hrs..
10 10 2. 30 (Cn -H-, . 0)17 14 3.04
%C
86.16
%H % 0
7.41requires 6.43
found 86.06 6.15 7.79
86.25 6.02 7.73
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borohydride (0.9g.) in dmf (9ml.). The reaction-mixture 
was continuously stirred for an hour and then the viscous 
solution was poured slowly into mechanically stirred 
distilled water. The solid precipitate was collected, 
washed and dried.
An infra red spectrum of the product was the same as 
that of the original poly(vinylacetophenone), indicating 
that little or no reduction had taken place.
b) Aluminium isopropoxide
The ketopolymer (4.9g.) was dissolved in dioxan (20ml.)
and added to a magnetically stirred suspension of aluminium
isopropoxide (3.4g.) in dried isopropanol (20ml.), a polymer
clump being formed. Heating and vigorous stirring dispersed
this clump and the mixture was then heated for two hours.
After this time the mixture had become a gel and was added
to dilute aqueous sulphuric acid and vigorously stirred.
A solid product was collected, washed again in acid and then
water until free of acid, and finally dried. The acid wash
was repeated as an ignition showed 4% ash ; the second acid
wash reduced this to less than 0.5%. A suitable solvent
could not be found for reprecipitation.
The infra red spectrum showed that the carbonyl band
at 1680cm ^ had been reduced in comparison with the band 
- 1
at 1605 cm An OH stretch was also present.
c ) Lithium Aluminium Hydride
A 100ml. conical flask, containing a suspension of 
lithium aluminium hydride (2 .0 g.) in tetrahydrofuran 
(2 0 ml.), was fitted with a reflux condenser and magnet­
ically stirred. To this mixture was then added a suspension 
of poly(vinylacetophenone)(2.Og.) in thf (20ml.). This 
solution was added in small portions, and shaking of the 
flask was necessary to break up the crust formed. After 
the addition, a further 1 0  ml. of solvent was added to 
ease stirring. The reaction mixture was then heated and 
refluxed for 2 hours. Ethanol was carefully added to the 
grey mixture to neutralise the reducing agent and the 
reaction mixture then added to distilled water. Dilute 
hydrochloric acid was added and the mixture stirred and 
filtered. Filtration collected an off-white powder. The 
product was washed with dilute sulphuric acid9followed by 
water to remove the acid and then dried.
The product was insoluble in all solvents tried.
The infra red spectrum showed that the C=0 band (1680 cm )^
had been almost completely removed and a broad OH stretch 
frequency was present 3700 ->• 3100 cm indicative of an 
alcohol.
12611. The Mannich Reaction of Poly(vinylacetophenone)
In a 150 ml. conical flask a solution of poly(vinyl­
acetophenone) (2 . Og. ) in pyridine (40ml.) was prepared by 
magnetic stirring. To this reaction mixture was added
piperidine (1.5g.) and paraformaldehyde (l.Og.), a 
condenser was fitted to the flask. Down the condenser 
was slowly run conc. hydrochloric acid (0.05ml.) and 
absolute ethanol (5.0ml.), heat was applied and the 
reaction-mixture refluxed, a clear brown solution being 
formed. After one hour a further portion of para­
formaldehyde (0 .6 g.) was added to the reaction mixture.
This dissolved and the solution was refluxed for a further 
five hours. After being left to cool, the solution was 
added dropwise to magnetically stirred methanol and a 
very fine precipitate was obtained. The product was 
collected, ground with water and dried to yield a yellow 
powder.
The carbonyl band of the infra red spectrum had 
become a doublet suggesting carbonyls in two different
% 0  
7.81 
8 .54
81.37 7.57 2.41 8.5.5
12* The Leuckart Reaction of Poly(vinylacetophehone)
Poly(vinylacetophenone) (4.6g.) and ammonium formate 
(6.25g.) were heated in a boiling tube at 180° on an oil 
bath, the reactants being stirred with a glass rod 
occasionally. The reactants became moist but then dry again,
environments*
(C 8  E 8 ) (C10H100)2.60 (C16H21NO)1.34
%C %H %N
requires 82.17 7.72 2.29
f n n n ^  ft! A A  7 0 .
. this temperature was maintained for three hours. The 
boiling tube was allowed to cool and cone. hydrochloric 
acid (8 ml.) was added and the tube reheated to 1 0 0 ° for 
an hour. After cooling to room temperature distilled 
water (40ml.) was stirred into the reaction mixture.
,The product was filtered and a portion of the filtrate 
tested with sodium hydroxide solution, but no precipitate 
formed.
This reaction was,also carried out using m-cresol as 
a solvent, heated under reflux to maintain the required 
temperature. The reaction mixture was eventually pre­
cipitated into methanol. The precipitate (I) was filtered 
off and the filtrate was made alkaline and a further 
precipitate (II) collected, this would not redissolve in 
.aqueous hydrochloric acid. Both products were purified by 
grinding with water and finally dried.
The two precipitates obtained appeared to be the same 
product.
Microanalysis %C %H %N %0
ppt. (I) 80.43 7.27 2.51 9.79
ppt. (II) 80.14 7.53 2.59 9.74
13. Isonitrosation Reaction of Poly(vinylacetophenone)
A solution of poly(vinylacetophenone)(15.Og.) in 
tetrahydrofuran (250ml.) was placed in a 500ml. round- 
. bottomed 3-necked flask fitted with a stirrer and condenser.
Through the stirred solution was bubbled hydrogen chloride 
gas and also methyl nitrite ^prepared by slow addition 
of dilute sulphuric acid (one volume of conc. acid to 
two volumes of water) to sodium nitrite (15.Og.) and 
methanol (9ml.)J. The solvent refluxed slowly.
After one hour the mixture became viscous and formed 
a gel. The reaction was continued until all the sodium 
nitrite had been used up (about four hours) and the mixture 
then left to stand overnight. The gel was heated on a steam 
bath under vacuum to remove solvent and hydrogen chloride. 
The solid was then broken up, water-washed and dried over 
sodium hydroxide pellets.
Sodium fusion showed the product to contain both 
nitrogen and chlorine.
In order to ascertain the effect of hydrogen chloride 
on poly (vinylacetophenone) a 'blank' reaction was run. 
Hydrogen chloride gas was bubbled through a stirred solution 
of poly (vinylacetophenone) in tetrahydrofuran. The reaction 
mixture gradually darkened and after 3 hours became more 
viscous. The mixture thickened rapidly to give a black gel.
14. Crosslinking of Poly(vinylacetophenone)
Attempts were made to crosslink the polymer by a 
condensation reaction with glutaraldehyde. Both basic 
(triethylamine) and acidic (sulphuric acid) catalysts were 
used but no signs of crosslinking were apparent.
4415. The Haloform Reaction of Poly (vinylacetophenone)
Poly (vinylacetophenone) (3.0g.) was ground and the
white powder weighed into a 500ml. conical flask.
Aqueous sodium hypochlorite (250ml.) was now added and
the mixture magnetically stirred to give a suspension,
this was then heated and refluxed for six hours. During
this time chloroform could be smelt at the top of the
condenser ; a clear solution was obtained. This reaction
mixture was filtered hot and the filtrate allowed to cool.
After cooling the solution was acidified with dilute
hydrochloric acid and a white precipitate obtained. This
was filtered, water-washed and dried (yield 2 .2 g., 72%).
The infra red spectrum had changed considerably, the
carbonyl band becoming broader and a strong -OH absorbance
being present.
Microanalysis of the product (61.93%, 4.39%) gives
an empirical formula CnH- ^ 0y / •o j •bo
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13116. The Preparation of Benzylideneacetone
Benzaldehyde (160ml.) (purified as previously) and 
acetone (240ml.) were mixed in a 3-necked flask fitted 
with a stirrer, condenser and dropping funnel. From the 
dropping funnel was slowly added 40ml. of a 10% solution 
of sodium hydroxide in distilled water, the addition took 
forty minutes. During this addition the flask was cooled 
by a bath of ice and water ; the clear solution changed to 
a cloudy yellow. After the catalyst had been added the 
cooling bath was removed and the mixture stirred at room 
temperature for two hours.
After this time the catalyst was neutralised by the 
addition of N sulphuric acid until the reaction mixture 
was just acid to Congo Red paper. Two layers separated ; 
the reaction mixture was transferred to a separating funnel. 
The lower aqueous layer was collected and extracted with 
benzene and this added to the organic layer. The organic 
phase was dried with magnesium sulphate.
The yellow organic liquid was then distilled under 
reduced pressure and, after benzene and benzaldehyde, a 
yellow liquid was collected. On cooling and scratching a 
crystalline solid was obtained, which smelt strongly of 
benzaldehyde. The solid was kept in an empty desiccator 
under vacuum to remove the benzaldehyde. A sample was 
recrystallised from petroleum spirit (40-60°).
mp 36 - 37° (lit 1 3 1  38 - 39°)
13217. Preparation of Furfurylideneacetone
Into a 3-necked 2-litre flask fitted with stirrer, 
condenser and dropping funnel, were added furfuraldehyde 
(13Oml.)p (purified by distillation under nitrogen and 
vacuum), acetone (252ml.) and distilled water (1.2 litres).
The stirred pale yellow solution was cooled to 10° and to 
this added a solution of sodium hydroxide (lOg.) in water 
(20ml.). When all the alkali catalyst had been added the 
cooling bath was removed and the reaction mixture stirred 
at room temperature for four hours. At the end of this 
time N sulphuric acid was added to the mixture until it 
was just acid to Congo Red paper. The yellow/orange liquid 
was then immediately transferred to a separating funnel 
where two layers formed. The lower organic layer was 
collected and dried with sodium sulphate. This organic 
phase was then filtered and distilled under vacuum. The 
fraction boiling 118 - 1 2 0 ° (about 2 0 mm.Hg) was collected.
It solidified and was ground to yield an orange crystalline 
product.
mp 37 - 38° (lit 1 3 3  38 - 39°)
18. Polymerisations of Ben.zylidenea.eetone and Furfurylideneacetone
52a) Sodium Hydroxide as Catalyst
To a magnetically stirred solution of the unsaturated 
ketone (5.0g.) in toluene (25ml.) was added a 33% aqueous
- 214 -
sodium hydroxide solution (1.0ml.). The reaction-mixture
was then heated and gently refluxed for four hours. The
reaction-mixture was allowed to cool and added slowly to
magnetically stirred distilled water. This mixture was
then transferred to a separating funnel. The toluene
layer was collected and left to evaporate leaving a sticky
plastic film. The product was dissolved in methanol and 
precipitated into brine solution to yield a brown powder.
This method of polymerisation was repeated but with 
use of a Dean and Stark trap during the refluxing stage. 
This removed water from the reaction, favouring the 
condensation.
53b) Sulphuric Acid as Catalyst
The monomer (5.0g.) was weighed into a boiling tube 
and this heated by an oil bath. When the monomer had 
melted, concentrated sulphuric acid (0.05ml.) was added. 
The temperature was increased and in the case of furfuryl- 
idene acetone the product quickly solidified, and heating 
was stopped (about 120°). However, with benzalacetone the 
temperature was kept at 150° with no sign of any increase 
in viscosity. On cooling the product solidified (above 
the melting point of benzalacetone). The product was 
purified by precipitation from acetone solution into 
distilled water.
Poly (furfurylideneacetone) was crushed in a pestle 
and mortar but no solvent could be found for it.
The polymerisation was also carried out with the 
conc. sulphuric acid diluted with acetone.
The ketomonomer (5.0g.) was weighed into a boiling 
tube and this heated on an oil bath to 170°. The melted 
solid was stirred using a glass stirring rod. To the 
boiling tube was added a mixture (1 : 1  by weight ratio) 
of sulphuric acid and acetone. In the case of furfurylidene­
acetone after a few seconds the black reaction mixture 
suddenly frothed up the tube and set solid around the 
stirrer.
The benzalacetone however remained unchanged and a 
further portion of catalyst (0.25ml.) was added after 5 
minutes. The mixture slowly became viscous and eventually 
set solid. The product was collected and purified by 
precipitating into distilled water from methanol solution.
54c) Metallic Sodium as Catalyst
The sodium (0.10g.) and ketone monomer (5.0g.) were 
weighed into a boiling tube. This was placed in an oil 
bath, and the mixture stirred with a glass stirring rod 
without a paddle? nitrogen was blown over the reactants.
The oil bath being heated, the solid monomer melted. How­
ever, as the temperature increased the reactants gradually 
became more viscous until they had completely solidified, 
stopping the stirrer. Heating was discontinued and the 
reaction-mixture allowed to cool.
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The product, a brittle solid, was removed, ground in 
a mortar, dissolved in acetone and precipitated into 
vigorously stirred distilled water. Sodium chloride had 
to be added to the water when, on occasion, an emulsion 
formed. The solid product was collected by filtration, 
water-washed and dried.
19. The Preparation of 2-Cyclohexenone
6 8
a) By the Oxidation of Cyclohexene
Cyclohexene is prone to the formation of peroxides, 
these can be tested for as they will liberate iodine from 
sodium iodide in acetic anhydride.' ' The peroxides were 
removed by shaking with a mixture of 1 0 % aqueous ferrous 
sulphate and sodium hydroxide. The cyclohexene was finally 
purified by drying and distilling under a nitrogen atmosphere.
The purified cyclohexene (74g.) together with glacial 
acetic acid (175g.) were placed in a 2-litre flask fitted 
with a stirrer, condenser and dropping funnel. To this 
stirred solution was added over a period of eight hours a 
solution of chromium trioxide (130g.) in distilled.water 
(75g.) and glacial acetic acid (260g.). During the addition 
the flask was cooled by a cold water bath whenever the 
temperature began to rise above room temperature. After this 
addition the reaction mixture was stirred at room temperature 
for seventeen hours.
An 18" Vigreux column was placed in the flask and most
of the cyclohexene distilled off until the temperature 
reached 100°. The acetic acid which did not distil off 
was neutralised to an extent of about 70% using 50% 
sodium hydroxide. The black mixture became very hot and 
gelatinous. The mixture was cooled and transferred to a 
separating funnel where it was extracted with ether.
This stage of the preparation was impaired by emulsion 
formation. The ether took a long time to separate and 
evaporated off almost as fast as it separated.
The ether collected was dried with anhydrous sodium 
sulphate and potassium carbonate, to remove acetic acid.
The ether was distilled off to yield a red liquid (20ml.), 
which was then distilled under vacuum with a nitrogen 
bleed and a colourless liquid obtained ( 8 g.). The liquid 
still smelt slightly of acetic acid and an OH band was 
present in the infra red spectrum. (A pure sample was 
obtained later and showed this not to be due to enolisation).
6  9“7 3
b) Via Silver Salt of 1,3 Cyclohexanedione
To a solution of silver nitrate (17.Og.) in water 
(1 0 0 ml.) was added dihydroresorcinol (1 1 .2 g.) also in 
lOOmls. of distilled water. The clear yellow solution was 
magnetically stirred and from a burette added N sodium 
hydroxide (25ml.). The mixture was filtered and the grey 
precipitate which had formed collected. This process of 
N sodium hydroxide addition was twice repeated and two
further batches of the grey silver salt obtained. Upon 
adding further alkali the mixture became black/brown. The 
collected precipitates were water-washed and dried.
Yield 16.Og (73%). The complex was found, on ashing, to 
contain 50.0% silver (theoretical for CgH^O^g 49.26%).
The silver salt of dihydroresorcinol (1,3 cyclo- 
hexanedione) (16.Og.) and ethyl iodide (13.Og.) were weighed 
into a litre conical flask. Absolute alcohol (400ml.) was 
then added and the reaction mixture magnetically stirred 
and refluxed for five hours, during which time the grey 
suspension changed colour to brown. The next day the mixture 
appeared yellow but on stirring the mixture resumed its 
brown colour. The reaction mixture was magnetically stirred 
and refluxed for a further five hours during which time the 
mixture slowly changed colour to yellow. The mixture was 
then filtered and the filtrate distilled to remove the 
ethanol ; this left an orange liquid which was heated under 
vacuum to remove the remaining ethanol.
The orange liquid, 2-cyclohexanedione enol ether 
(lO.Og.), was dissolved in anhydrous ether (sodium dried?
20ml.) This solution was added dropwise to a magnetically 
stirred suspension of lithium aluminium hydride (2 .0 g.) 
in dried ether. During the addition gentle refluxing took 
place, and after the addition the reaction mixture was 
heated and refluxed for 30 minutes. After cooling, the 
the catalyst was neutralised by the careful addition of
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distilled water (5ml.)• The resulting mixture was then 
added to 200ml. of 10% sulphuric acid. This was trans­
ferred to a separating funnel and the ether layer 
collected. The aqueous layer- was extracted with a further 
three portions of ether. The combined ether layers were 
washed with distilled water (50ml.) and saturated sodium 
bicarbonate (50ml.). The ether was finally dried over 
magnesium sulphate.
The ether was removed by distillation through a 30cm. 
Vigreux column. The residue was finally purified by 
distilling under a slight vacuum using a spinning band 
column.
Yield 2.4g.
c ) From Dihydroresorcinor via 3-piperidinO-2-cycloheXencne
A solution of dihydroresorcinol (11.2g., 0.1M), 
piperidine (9.5ml.) and p-toluenesulphonic acid (0.10g.) 
in benzene (150ml .) in a 250ml. round-bottomed flask 
was refluxed for two hours. The flask was fitted with a 
Dean and Stark trap of 10ml. capacity but already con­
taining 7.0ml. of distilled water. A further 1.7ml. of 
water was collected in the trap. The Dean and Stark trap 
was removed and the mixture distilled to remove most of 
the benzene* The remaining brown concentrated solution 
was passed down a column of neutral grade 1 alumina (lOOg.).
I
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A mixture of benzene and ethyl acetate (4:1 by volume) 
was used to elute the product. Hydrogen chloride was 
bubbled through the solution and an orange crystalline 
product formed, which was collected by filtration and 
washed with ether.
Yield 19.Og. (85%)
This 3-piperidino-2-cyclohexenone hydrochloride 
(18.Og.) was hydrogenated at atmospheric pressure using 
platinum dioxide (0.30g.) (Adam's catalyst) in absolute 
ethanol (1 2 0 ml.),
After the hydrogenation the mixture was filtered and 
sodium hydroxide pellets added so as to give a solution 
approximately IN. The flask was fitted with a steam-head 
and after warming the reaction mixture steam distilled 
for 30 minutes. The distillate was made acid and extracted 
with chloroform. However the yield of 2-cyclohexenone was 
less than l.Og.
d) A sample of 2-cyclohexenone was purchased from Koch- 
Light. This was purified by distillation. The fraction 
collected had b.p 60 - 61° / 14 mm.
Melting Point of Derivatives
2,4 Dinitrophenylhydrazine: 168° C U t . ' 1* 3 2  168°)
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6 720. The Polymerisation of 2-Cyclohexenone
In a 100ml. conical flask a mixture of 2-cyclohexenone 
(11.5g.), sodamide (0.50g.) and toluene (45ml.) were 
magnetically stirred at 50° for 24 hours. Nitrogen was 
first bubbled through the solution and the flask fitted 
with a drown out capillary tube. After this time the black 
mixture was allowed to cool, methanol (1 0 ml.) added to 
neutralise the catalyst followed by chloroform (150ml.).
This mixture was then washed with three 50ml. portions of 
0.1N hydrochloric acid. The third being still acid to 
Congo Red after separating. The organic phase was then 
washed with 30ml. portions of distilled water until not 
acid. After drying with sodium sulphate the chloroform 
layer was evaporated to about 75ml*, filtered, and pre­
cipitated into n-heptane (500ml.). The brown precipitate 
was collected by filtration, washed with n-heptane and 
dried.
Yield 8.5g. (74%)
A copolymerisation of 2-cyclohexenone (1.5g.) and 
(+)-carvone (1.5g.) was carried out. Also the polymerisation 
of carvone itself was attempted by this method.
TABLE El 2
Poly(2-Cyclohexenone)
Reference Wt. of 
Monomer
Yield % Yield Microanalysis 
%C % H
1/57 1. 5g. 0 .5g. 33
1/58/1 1. 5g. 1. Og. 6 6 74.96 8.52
3/46 2 .4g. 1 . 2 g. 50
3/62 1 0 .Og. 2 . lg. 2 1
3/78 1 1 .5g. 8 .5g. 74 72.96, 73.10 8.29, 8 .
C 6 H 8 0  requires 75.02 % C , 8.34% H
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21. The Preparation of Vinyl Laevulinate '
A mixture of laevulinic acid (20.0g.), mercuric acetate 
(1.85g.), and vinylacetate (225ml.) was magnetically stirred 
in a conical flask fitted with a condenser and nitrogen' 
bleed. To this was added conc. sulphuric acid (0.10ml.) 
slowly down the condenser, this caused the mercuric acetate 
to dissolve and a slight colouring of the solution to occur. 
Heat was applied and the reaction mixture refluxed for five 
hours. After this time the mixture was allowed to cool until 
refluxing had stopped and sodium acetate added, sufficient 
to neutralise the acid catalyst. After filtration the excess 
vinyl acetate was removed by distillation at atmospheric 
pressure, but under nitrogen. The crude vinyl laevulinate 
was collected by distillation under vacuum. The product was 
purified by a further distillation at reduced pressure under 
nitrogen.
The vinyl laevulinate had b.p. 92 - 93° / 12 mm .
1.4377
% C % H
C7H10°3 requires 59.15 7.09
found 58.39
58.36
7.21
7.14
2,4 dinitrophenyl hydrazine m.p. 124°
- 228.-
22. Free Radical Homopolymerisations of Monomers.
Solution polymerisations adopting the method of styrene 
polymerisation were attempted.
Bulk homopolymerisations were attempted in sealed 
ampoules. A 5 ml. ampoule containing initiator (benzoyl- 
peroxide or «,<='azoisobutyronitrile)(O.Olg.) and the monomer 
(2 .0 g.) was purged with nitrogen for a few minutes and sealed. 
The ampoule was placed in an oven at 60°. The polymerisation 
mixture was inspected regularly, and kept in the oven until 
polymerisation had taken place or enough time had elapsed to 
allow the free radical initiator to have decomposed.
Generally it was not possible to form homopolymers of 
the monomers used by free radical mechanisms. The monomers 
investigated, but not successfully polymerised, were:
benzalacetone 
(+)-carvone 
3 -Ionone 
(+)-pulegone 
2 -cyclohexenone 
vinyl laevulinate
Furfurylideneacetone yielded a very small amount of a 
brown powder. The infra red spectrum of this product was 
very similar to those of the polymers initiated by sodium 
and sodium hydroxide.
23. Copolymerisations
a) Styrene Copolymers
Mixtures of the unsaturated ketones and styrene were 
prepared and to the solution added «,«1azoisobutyronitrile 
(0.75% by weight). The solutions were flushed with nitrogen 
for several minutes, corked and placed in an oven at 50°. ' 
The percentage styrene in the polymerisation mixture varied 
from 50% to 95% by weight ? equimolar mixtures were often 
prepared. The corked conical flasks or sealed ampoules, 
according to the scale of the reaction, were left in the 
oven until a glassy solid had formed or no further signs of 
polymerisation had appeared (up to about six weeks). The 
polymers were then dissolved in toluene, the solution 
filtered and precipitated into methanol. The products were 
collected by filtration, twice washed in methanol, and 
finally dried.
b) Acrylonitrile Copolymers
The copolymerisations were carried out using the same 
method as adopted for the styrene copolymers. The polymers 
were purified by precipitation from dimethylformamide- 
solution into methanol, methanol washed, and dried.
Copolymers were also prepared in solutions of dimethyl" 
formamide.
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c) Maleic Anhydride Copolymers
These copolymers were prepared by bulk polymerisation.
The monomers and initiator were sealed in ampoules or placed 
in stoppered flasks. The monomer mixtures were flushed with 
nitrogen before sealing. «,«'azoisobutyronitrile and 
benzoylperoxide were both used as initiators.
see Table E19
d) Indene Copolymers
Solutions of the ketonic monomer (1.0 or 2.0g.) in 
indene (5.0g.) were prepared in 50ml. beakers and to these 
solutions were added a few drops of stannic chloride. The 
beakers were shaken and almost immediately the solutions 
became very hot and solidified. The time for solidification, 
usually to a deep red glassy solid, took from 5 minutes for 
indene itself to a few hours for those with 2 .0 g. of ketonic 
monomer. The polymers thus prepared were dissolved in toluene, 
filtered and precipitated into methanol. The products were 
then washed with methanol, collected by filtration and dried. 
The deep red colour was removed during precipitation and 
washing.
see Table £20
e) Other Miscellaneous Copolymers
In searching for a suitable comonomer for the ketones
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several other monomers were subjected to the method of 
bulk polymerisation in a sealed ampoule. Vinyl laevulinate 
was the ketonic monomer used.
No polymerisation took place when using allyl acetate 
or allyl bromide.
A small yield (10%) was obtained using crotonic acid.
The polymer's infra red spectrum contained both carbonyl 
absorptions 1600 - 1800 cm ^ and a broad band 3600 - 3000 cm
24. The Preparation of Oxime Derivatives
Two methods were employed for the preparation of the 
oxime derivatives. By one or other of these methods oximes 
of all the ketone polymers were prepared.
a) Method 1 ^
*The ketopolymer (3.0g.) was dissolved in dioxan (40ml.) 
and to this was added absolute alcohol (1 2 ml.); the magnet­
ically stirred solution remained clear. Sodium acetate (2.3g.) 
and hydroxylamine hydrochloride (1.5g.) were finally added 
and the solution heated to reflux. The mixture was refluxed 
for two hours, when it had become cloudy yellow. After 
cooling, the viscous liquid was added to vigorously stirred 
distilled water and the precipitate collected, washed and 
dried.
j
-  24.0 -
b) Method 2 ^
The ketopolymer (3.0g.) and hydroxylamine hydro­
chloride (l.lg.) were dissolved in a mixture of absolute 
ethanol (6 ml.) and pyridine (17ml.). The clear solution 
was then refluxed for twenty four hours. The solution 
after cooling was added to vigorously stirred methanol.
The precipitate was collected, washed with methanol and
dried.
*
The weight of polymer was varied according to 
its carbonyl content so that two moles of 
hydroxylamine hydrochloride were present for 
each mole of ketone.
Elemental analysis, by sodium fusion, carried out 
upon the polyoximes, often indicated the presence of 
halogen. The following indicated it to be ionic: the 
polymeric oximes were warmed gently with dilute sodium 
hydroxide, the mixture being stirred. The mixture was 
filtered, and the filtrate acidified with dilute nitric 
acid and tested with silver nitrate solution. A precipitate 
indicated the presence of ionic halogen.
25. The Bromination of. Benzyiideneacetone/Styrene Copolymer
A clear solution in a 100ml. conical flask was pre­
pared by magnetically stirring benzalacetone/styrene co­
polymer (2.50g.) and chloroform (20ml.). This solution
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was heated to reflux and slowly down the condenser added 
a solution of bromine (0.50ml.) in chloroform (10ml.).
A strong light (500 watt) was shone on the reaction vessel 
and the bromine slowly decolourised. A further portion of 
the bromine solution was added, which again eventually 
decolourised. Therefore a third portion was added. The 
reaction mixture was refluxed for a further two hours.
After cooling the mixture was added slowly to stirred 
methanol and the polymer precipitated. The product was 
collected, washed in methanol, filtered off and dried.
Yield 3.17g.
The polymer was found to contain 26% bromine and 
the carbonyl absorption in the infra red spectrum has 
shifted from 1710 cm 1  to 1735 cm”1 .
26. Substitution Reactions of Benzylideneacetone/Styrene
Brominated Copolymer
Using the same method employed for the substitution 
reactions of poly(vinylphenacylbromide) the p-nitrobenzoate 
derivative was attempted, in dimethylformamide solution.
The product was found to contain 0.4% nitrogen, 
however, the product still contained much bromine. The infra 
red spectrum showed nitro stretching bands 1530 cm 1  and 
1350 cm 1  . Two absorptions are present in the carbonyl 
region 1730 cm " 1  and 1680 cm " 1  .
27. The Bromination of Carvone/styrene Copolymer
28. The Bromination of Polystyrene
The brominationsof carvone/styrene copolymer and 
polystyrene itself were carried out using the method 
which had proved successful for the preparation of 
poly(vinylphenacylbromide) previously described.
The carvone/styrene copolymer was found to contain 
14.3% bromine. When polystyrene itself was reacted under 
the bromination conditions, the product was found to 
contain 17.6% bromine.
29. Haloform Reaction of Benzylideneacetone/Styrene Copolymer
A suspension of the copolymer (2.0g.) in aqueous sodium 
hypochlorite solution (250ml.) was refluxed for 8  hours on 
a hotplate/stirrer. No smell of chloroform was detected 
during this time. The reaction mixture was filtered. The 
filtrate after cooling yielded no precipitate when made acid. 
The residue was identified by infra red to be unreacted 
benzylideneacetone/styrene copolymer.
30. Haloform Reaction of Vinyl Laevulihate/Acrylonitrile
Copolymer
The copolymer (2.0g.) was refluxed and magnetically 
stirred in a 500 ml. conical flask with sodium hypochlorite 
solution (2 0 0 ml.). The polymer suspension gradually
dissolved and a clear solution was obtained, with a little 
remaining undissolved. However, the polymer then repre­
cipitated and was collected as a brown powder.
31• Self Condensation Reaction of Acryldnitrile/Vinyl
Laevulinate Copolymer
Sodium (1.5g.) was dissolved in absolute ethyl alcohol 
(100ml.) and the solution filtered into a 150ml. conical 
flask containing the vinyl laevulinate/acrylonitrile 
copolymer (l.Og.). The mixture was magnetically stirred 
and refluxed for half an hour. The copolymer, which remained 
insoluble, changed colour through yellow, orange to an 
orange brown. The reaction mixture was allowed to cool, 
when the refluxing had stopped dilute hydrochloric acid was 
added down the condenser and the mixture rapidly changed 
colour back to white. The mixture was then reheated. After 
cooling the mixture was filtered and an off-white powder 
obtained. This was collected, water-washed and dried.
3 2. Condensation Reaction Of Poly(2-cyclohexenone)
134The Purification of Dioxan
Dioxan, chosen as a suitable solvent for the reaction, 
was first purified as any impurities likely to be present, 
e.g. peroxides, may cause side reactions. Method of
134purification is that used by Hess and Frahm
Dioxan (1 litre)- together with concentrated hydro­
chloric acid (27ml.) and distilled water (200ml.) was 
refluxed, with a current of nitrogen, for 10 hours. After 
cooling overnight, potassium hydroxide pellets were added 
and the mixture separated into two layers. The lower 
aqueous layer was removed and potassium hydroxide added 
and shaken until the dioxan had become dry : that is, the 
pellets did not appear to be tacky and moved freely on 
shaking.
The next stage of the purification involved refluxing 
the dry dioxan with sodium for 1 2  hours again using a 
nitrogen bleed. The dioxan became cloudy and a large amount 
of a fibrous light brown precipitate was formed. The dioxan 
was finally distilled from the molten sodium and 500mls. of 
the pure dioxan were obtained (b.p. 1 0 1 - 1 0 2 °).
Poly(2-cyclohexenone)(2.Og.) was weighed into a 250ml. 
three-necked round bottomed flask. To this was added the 
freshly purified dioxan (1 2 0 ml.) and the flask equipped 
with a stirrer, condenser and inlets for nitrogen and 
hydrogen chloride. The clear orange brown solution was 
stirred and purged with nitrogen for five minutes before 
heating. When the reaction mixture was refluxing steadily 
hydrogen chloride gas was passed into the solution. The gas 
was passed via four Dreschel bottles : respectively empty,
containing conc. sulphuric acid, calcium chloride, and
empty.
A steady flow of hydrogen chloride through the 
refluxing solution was maintained for five hours. However 
there was no apparent change in the solution. The next 
day nitrogen was bubbled through the solution to remove 
any remaining hydrogen chloride. The reaction mixture 
was then filtered and precipitated into magnetically 
stirred distilled water. Sodium chloride was needed to 
coagulate the polymer, which was then collected by 
filtration. The product was purified by dissolving in 
chloroform, filtering and precipitating into n-heptane.
The product was washed in n-heptane, filtered and dried 
to yield 1.8g. of an off-white powder. A sodium fusion 
test indicated no chlorine tp present in the polymer.
The infra red spectrum of the product was largely un­
changed from that of the original poly (2 -cyclohexenone). 
The spectrum however did show a shoulder on the carbonyl 
band at 1600 cm^ not present in the starting material.
Microanalysis of Product
% c % H % 0
73.02 7.95 19.03
73.19 7.77 19.04
33. Viscosity Measurements
The intrinsic viscosities of all polymers have been 
measured, and the viscosity average molecular weight of
polystyrenes have been calculated. The viscometers used 
were the Ubbelohde type.
The solution or solvent, placed in the sphere at 
the bottom, is pumped up above the capillary and the 
time is recorded for the liquid level to fall between 
the two marks (flowtime). Different size bore capillary 
viscometers can be obtained according to the viscosity 
of the solvent used.
The solutions were prepared in grade 'A' volumetric 
flasks and filtered as they were placed in the viscometer. 
Generally four concentrations were used. Two solutions 
were prepared and their concentrations halved by taking 
1 0 .Oml. of solution and adding to 1 0 .Oml. of solvent 
using the same pipette.
All measurements were carried out at 25°.
Calculations Used
1. For determination of the viscosity average molecular 
weight of polystyrene.
For flow-times in excess of 100 seconds, as obtained 
from the measurements in this work, nr is given to a good 
approximation by n = t
where t = flow time of solution
t = flow time of solvent o
The intrinsic viscosity, £ri3 , each sample was then
35evaluated from the Huggins equation modified in accord-
W 3
, 2 ,'303'. log^Q. nr = n - (0.5-k’ ) £n] ^  c
c IT" 
where c is in g. dl
and k' is the Huggins constant
The value of k' employed (0.38) was that given by
Fox and Flory for a temperature of 30°.
The viscosity average molecular weight Mv was
136evaluated from the relationship
[n] = K Mv*
The values of K and « used (1.16 x 10”  ^ and 0.72 respect-
137ively) were those obtained by Green who used polystyrene 
samples of known weight-average molecular weights for the 
calibration. The degree of polymerisation (D.P.) was obtained 
by dividing Mv by the monomolecular weight of the styrene 
unit, which is 104.
2. Intrinsic Viscosity Determination for Poly(vinylacetophenone)
For poly (vinylacetophenone), solutions of varying
concentrations were employed, the flow times of these
solutions measured and values of nr calculated.
Extrapolation of the straight line obtained, by plotting
2.303 log ^ 0  nr against c to C=0 enable the value of the 
c
intrinsic viscosity, [nl / to be' read from the intercept on 
the 2.303 axis.
The value, of the intrinsic viscosity can be compared 
with that obtained from the parent polystyrene.
For -copolymers with styrene and with acrylonitrile 
an approximate value of the viscosity average molecular 
weight was determined using the values of K and « that 
apply to polystyrene and polyacrylonitrile themselves.
For polyacrylonitrile the values of K and <= are 
39.2 and 0.75, respectively, in dimethylformamide at 25°.
34. Ash Contents by Ignition
The ash contents were measured by heating a sample in 
a crucible placed in a furnace at 800°.
Ash content = (Wt.of crucible plus ash - wt. of crucible)x 100
Wt.of crucible plus polymer - wt of crucible
In the case of the poly(vinylacetophenone) preparations 
the ash is certainly due to the presence of alumina 
complexed with the polymer. On heating this alumina is 
unlikely to be decomposed further and will remain as the 
ash. Therefore, the percentage ash-content obtained is a 
good estimate of the percentage alumina impurity present.
35. Copper Determinations 1 3 8
The percentage copper in the copper complex of
poly (3-vinylphenacylpegtan-2,4 dione) was determined by 
titrating with 0.01M E.D.T.A. in ammonical solution using
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Fast Sulphon Black indicator. Fast Sulphon Black changes
from blue to green. The polymer complexes themselves were
not soluble in aqueous solution and were decomposed by
heating the sample (approx. 0.025g.) with :
concentrated perchloric acid 1 ml.
concentrated sulphuric acid 2 ml.
concentrated nitric acid 3ml.
This mixture was then heated to dryness. A Philip's 
beaker was used as this reduces spitting and splashing 
without hindering the evaporation. Concentrated ammonia 
solution (5ml.) and distilled water (100ml.) were then 
added and the titration carried out to a clear end-point.
36. Infra Red Spectra Results
The infra red spectra were measured on a Perkin-Elmer 
157G Spectrometer.
The samples were either prepared as mulls with nujol 
and run between sodium chloride plates, or, when the 
molecular weight of the polymer permitted it and a suitable 
solvent could be found, plastic transparent films of the 
polymer were prepared. These films were obtained by 
dissolving the polymer (0.5g.) in toluene (2.5ml.) in a 
test-tube and heating on an oil bath. The viscous solution 
was then slowly poured onto a horizontal glass plate. 
Another glass plate was placed above the film, supported by 
four corks, to protect the polymer from dust as the solvent 
eya,porated. Twenty-four hours was usually sufficient time
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for the solvent to evaporate to leave a transparent 
polymer film.
This method worked well with the higher molecular 
weight samples of polystyrene and its copolymers. For 
lower molecular weight samples a film could be cast 
directly onto a sodium chloride disc and the solvent 
evaporated in an oven. Polyacrylonitrile and its co­
polymers yielded very cloudy films which were not trans­
parent to infra red light.
37. Carbonyl Content Determination by Infra Red
Absorbance measurements of the solutions were made 
in a cell of path length 1mm. Chloroform solvent was 
placed in a cell in the reference beam and this was 
adjusted to be of equal path length to that of the sample 
cell by comparing the absorbance with solvent in both cells. 
Solutions of varying concentrations of the standards 
(cyclohexanone for 2 -cyclohexenone polymers and methyl 
isopropyl ketone for benzylideneacetone polymers) were pre­
pared and the absorbance of the carbonyl bands measured. 
Plotting absorbance against concentration produced straight 
line graphs.
The absorbance of the carbonyl bands of the copolymers 
of 2 -cyclohexenone and benzylideneacetone were measured.
The ratio of monomers was calculated thus, taking a 
benzylideneacetone/styrene copolymer as an example:
GRAPHS 1 and 2
concentration 
moles/litre x 1 0
10.0-
8.0-
6.0
4.0'
A  - methyl isoprcpyl ketone 
□  - cyclohexanone
"072 014 0?6
Absorbance
- 25.3 -
The polymer (0.899 g./100ml.) had an absorbance 
of 0.52, this being equivalent to 0.13 g»/100ml.of methyl 
isopropyl ketone
.*. benzylideneacetone concentration =
0.13 x 146 .19 - 0.221g./100 ml. '
86.14
. ’ . g ./100ml. of styrene = 0.899-0.221 = 0.678
moles of styrene: benzylideneacetone =
1: 0.23
38. Microanalysis Results
Elemental analyses of samples were carried out in the 
microanalysis department of the University of Surrey 
laboratories.
39. Nuclear Magnetic Resonance Spectra
The NMR spectra were recorded on a Bruker WH-90MHZ 
(pulsed Fourier transform) NMR spectrometer. The line 
positions are only quoted to one place in x values as the 
polymer lines overlap to form broad peaks and this value 
is the peak of the broad band.
40. Crystallographic Measurement
A powder photograph of a sample of poly(2-cyclohexenone)
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was taken by the Chemical Physics Department at the 
University of Surrey ; Cu K« radiation was used with 
six hours exposure at 35 kV and 15mA.
41. Optical Activity Measurements
The optical rotations of a few of the polymers were 
measured in a 2  decimeter tube.
Polymer
2-Cyclohexenone/(+)-Carvone
Solvent Cone. Rot- Specific
(g/lOOml.) ation Rotation
THF 2.1126 0.14° +4.09
Styrene/(+)-Carvone CHC1 3 3.6124 0.31° +4.3
Styrene/Pulegone CHC1 3 3.0025 0 0
SUMMARY
A required functional side-group may be introduced 
into a polymer by reacting a pre-existing polymer with 
a suitable reagent, or by polymerising or copolymerising 
appropriate monomers. Polymers bearing ketonic groups 
have been prepared using both of these methods, and their 
reactions studied.
Poly(vinylacetophenone) has been prepared by Friedel- 
Crafts acylation of polystyrene. Methyl ketone units have 
been introducedA85% conversion of the styrene units to 
acetophenone, the product, therefore, being virtually a 
copolymer of styrene and vinyl acetophenone. This product 
proved a very suitable material upon which to carry out 
further reactions of the carbonyl group.
The oxime reaction was attempted uppn all the polymers 
prepared in this work ; it is the most facile reaction 
found, perhaps because of the small size of the reagent. 
Preparation of this derivative was used as a first step in 
the study of the polymers, giving a qualitative estimate 
of the reactivity of the ketonic groups present. Complete 
conversion of the carbonyl groups.of poly(vinylaceto­
phenone) to the oxime took place. With the bulkier thio- 
semicarbazide incomplete reaction occurred. This thiosemi- 
carbazone derivative proved useful for the preparation of 
a light-sensitive silver complex of the polymer. It was 
thought that this complex might be useful for extracting
- 256 -
silver and this was substantiated by passing aqueous 
silver nitrate through a column of the polymer ; the 
silver was absorbed.
Bromination of poly(vinylacetophenone) was effected, 
and the product, poly(vinylphenacyl bromide), proved to 
be a useful starting material for substitution reactions 
with sodium and potassium salts of carboxylic acids and 
phenols. Using this reaction it was possible to combine 
various other functional groups with the polymer chain 
by an easy route. A $-diketone unit was attached to the 
polymer by the reaction of sodium acetyl acetonate with 
the bromopolymer. This polymer, poly O-vinylphenacyl- 
pentan-2, 4-dione) , complexed with copper and cross- 
linking took place. The copper is in a square planar 
environment attached to two acetyl acetone units.
Other reactions were investigated as follows: 
condensation of poly(vinylacetophenone) with benzaldehyde 
took place readily. The Mannich reaction with paraform­
aldehyde and piperidine was effected. The ketonic polymer 
was oxidised to poly(vinylbenzoic acid) by the haloform 
reaction using aqueous sodium hypochlorite. On the other 
hand reduction of the polyketone produced an insoluble 
product, although the alcohol appears to have been prepared. 
This crosslinking may have taken place by a "pinacol" type 
reaction.
■ Several other reactions attempted also produced 
insoluble products, an explanation for the crosslinking
not being obvious. These reactions were an attempted 
reduction of the oxime derivative to the amine, the 
Leuckart and isonitrosation reactions. On the other 
hand, attempts deliberately to crosslink the poly(vinyl­
acetophenone) by means of a condensation reaction with 
glutaraldehyde proved unsuccessful.
Benzylideneacetone was polymerised, and copolymerised 
with other reactive^monomers, to yield polymers containing 
a carbonyl group. This monomer could not be homopoly­
merised by free radical means, but ionic reactions produced 
several benzylideneacetone polymers. The polymerisation 
mechanism also involved a condensation reaction, and it is 
thought that an ionic addition polymerisation takes place 
followed by condensation between adjacent ketonic groups 
along the chain to give a structure of the type:
Copolymers of benzylideneacetone were prepared using 
common monomers and free radical initiators. It is possible 
to introduce reasonable amounts, of the ketonic monomer 
into the copolymer, the number of moles of benzylidene­
acetone per mole of. comonomers in the copolymers prepared were
R R R R R R
3
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Comonomer moles of Benzylideneacetone
Styrene .0.40
Acrylonitrile 0.18
Maleic Anhydride 1.0
Indene 0.16 (ionic mechanism)
The benzylideneacetone/styrene copolymer was less 
reactive than poly(vinylacetophenone). Only partial oxime 
formation took place, and thiosemicarbazide and sodium 
hypochlorite both effected ho change in the polymer. This 
difference in reactivity must be attributed to a sheltering 
of the carbonyl group by the polymer chain and adjacent 
phenyl groups. The carbonyl of poly(vinylacetophenone) is 
further from the polymer backbone and the possibility of 
steric hindrance is therefore reduced.
Homopolymers of furfurylideneacetone were prepared 
in the same way as those of benzylideneacetone. The 
products obtained were all similar, except that when 
concentrated sulphuric acid was used as a catalyst, cross- 
linking occurred. Furfural is known to crosslink via the 
furan ring and a similar reaction is likely here. With 
free-radical initiators little or no product was obtained 
from attempted furfurylideneacetone copolymerisations . A 
substitution reaction between the radical and the furan 
ring is thought to take place and the stable intermediate 
product would explain the inhibition-properties of 
furfurylideneacetone. One exception to this is that a 
copolymer of furfurylideneacetone and maleic anhydride
could be prepared using free radical initiators. 
Furfurylideneacetone also copolymerised with indene 
under ionic conditions.
2-Cyclohexenone was polymerised by an anionic 
mechanism ; no product could be obtained by free radical 
means. The most likely secondary structure for this 
polymer is a spiral structure and crystallographic 
measurements are consistent with this structure. Attempted 
polymerisation and copolymerisation with 2 -cyclohexenone 
of carvone, which has a structure similar to that of 
2 -cyclohexenone, succeeded only in polymerising small 
amounts of the carvone. Models prepared of the poly —  
(2 -cyclohexenone) spiral structure containing a carvone 
unit show that steric hindrance takes place between the 
2 -methyl of carvone and the oxygen atom of the next unit, 
which may explain the failure of carvone to polymerise.
The oxime derivative of poly(2-cyclohexenone) was 
prepared, but with incomplete reaction. The carbonyl 
group is attached to the polymer backbone, as with the 
benzylideneacetone/styrene copolymers, however the spiral 
structure and the absence of adjacent phenyl ^groups 
affords a more open conformation.
Carvone copolymerised with other monomers more readily
than with 2-cyclohexenone. This terpene contains two
centres of unsaturation and generally it polymerises via
the cyclohexene unsaturation. Polymerisation via the other 
unsaturated centre does take place with acrylonitrile, when
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crosslinking takes place to yield an insoluble product.
Two other natural products, $-ionone and pulegone, 
were also used as monomers bearing a ketonic group. 
Copolymerisations of these monomers were attempted with 
limited success. Vinyl laevulinate was also studied ; the 
compound would not homopolymerise but did copolymerise 
with several monomers. With acrylonitrile, copolymers 
having a reasonable carbonyl content were obtained.
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